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Abstract 
 The geochemical analysis of bioapatite in vertebrate skeletal tissues is an important tool 
used to obtain ecological information from fossil animals.  An important consideration when 
conducting stable isotope and trace element analyses is obtaining biogenic information that has 
been unaffected by diagenetic processes.   
 A two-step pretreatment procedure is commonly used remove diagenetically altered 
material by removing organic material, via an oxidation reaction with H2O2 or NaOCl, and 
secondary carbonate, via dissolution in dilute acetic acid, from bioapatite.  While much work has 
been done to determine the efficacy of the pretreatment process, little research has been 
conducted to determine the potential effects of this process on the oxygen isotope composition of 
enamel bioapatite.  A comparison between δ18O values of fossil enamel treated with 18O-depleted 
(δ18O = -10.0‰ V-SMOW) and 18O-enriched solutions (δ18O = +16.4‰ V-SMOW).  On average, 
samples treated with 18O-enriched solutions had δ18O values at least 0.4‰ V-PDB more positive 
than samples treated with 18O-depleted solutions.  These results suggest that the isotopic 
composition of solutions used in the pretreatment process can significantly affect the δ18O values 
of fossil enamel prior to isotopic analysis. 
 Diagenetic alteration can potentially be assessed using the linear relationship between 
δ18O values of the carbonate and phosphate components of bioapatite, as any deviation from a 
slope of 1 suggests alteration.  Comparing the relationship between δ18Op and δ18Oc for fossil 
mammals from the Hadar Formation suggests that this method is successful at identifying 
!viii
samples that are significantly different from the remaining samples due to diagenetic alteration.  
The relationship between δ18Oc and δ18Op for the majority of sampled fossils from the Hadar 
Formation has a slope very close to 1 with an average offset, and apparent fractionation factor, 
between δ18Oc and δ18Op consistent with modern mammals.  Therefore, it is likely that many of 
the fossil mammals sampled from the Hadar Formation retain in vivo δ18O values relating to the 
δ18O value of the water they consumed. 
 The reliability of paleodietary reconstructions using trace element ratios (notably Sr/Ca 
and Ba/Ca) is strongly dependent on the preservation of biogenic trace element concentrations.  
Although most trace element ratio research relies on bone bioapatite, enamel has a better 
preservation potential and may successfully preserve biogenic trace element relationships.  An 
analysis of Sr/Ca, Ba/Ca, and Zn/Ca ratios indicates that, despite rare earth element 
concentrations greater than the 1ppm observed in modern enamel, mammals from the Hadar and 
Busidima formations potentially reflect feeding strategies observed in modern counterparts, i.e. 
grazers have higher Sr/Ca and Ba/Ca ratios than browsers and omnivores.  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Chapter 1: 
Introduction 
The stable carbon and oxygen isotopic composition of structural carbonate from 
archeological and paleontological vertebrate biogenic apatite, or bioapatite, is used to understand 
past environmental and ecological conditions.  The carbon isotopic composition of bioapatite is 
commonly used to reconstruct aspects of paleodiet and paleoenvironment (Ericson et al., 1981; 
Quade et al., 1992; Cerling et al., 1997; Sponheimer and Lee-Thorp, 2006; Kingston and 
Harrison, 2007; Levin et al., 2008; Bedaso et al., 2010; Lee-Thorp et al., 2010; Cerling et al., 
2013; Wynn et al., 2013).  The oxygen isotopic composition of bioapatite is used to reconstruct 
paleo-aridity (Levin et al., 2006; Bedaso et al., 2010) and the oxygen isotopic composition of 
paleo-waters (Longinelli, 1973; Longinelli and Nuti, 1973). In order to obtain and use the stable 
carbon and oxygen isotope composition of fossil bioapatite, it is important to determine if the 
values measured represent in vivo signatures, diagenetic alteration, or some combination thereof. 
!
1.1 Background 
1.1.1 Stable isotope notation 
This project focuses on the stable isotopes of carbon and oxygen in vertebrate bioapatite.  
According to Sharp (2007), the definition of an isotope is that “an isotope of an element differs 
from another isotope of the same element by the number of neutrons in its nucleus.”  
!1
Stable isotopic compositions are reported in standard delta (δ) notation: 
where R is the ratio of the heavy isotope to the light isotope, i.e. 13C/12C and 18O/16O, in the 
sample or standard.  Delta values are reported in permil (‰) notation relative to the standard 
VPDB for carbonates and VSMOW for waters. 
!
1.1.2 Controls on the primary stable isotopic composition of bioapatite 
In interpreting stable isotopic composition of fossil bioapatite, it is important to 
understand what constitutes an in vivo, or primary, versus a diagenetic signature.  The carbon and 
oxygen isotopic composition of bioapatite is a function of the food and water sources an 
organism consumes.  Plants with a C3 and C4 photosynthetic pathway have distinctly different 
δ13C values:  C3 plants have δ13C values that range from 33 to 23‰ V-PDB while C4 plants, 
tropical grasses, range from 16 to 9‰ V-PDB (O'Leary, 1988; Cerling and Quade, 1993).  
Primary consumers of this terrestrial biomass have δ13C values that are in equilibrium with their 
diet plus an enrichment factor between diet and bioapatite, making it possible to distinguish 
between organisms consuming C3 or C4 vegetation (Figure 1.1; DeNiro and Epstein, 1978; 
Passey et al., 2005; Kohn and Cerling, 2008; Boecklen et al., 2011).  Organisms that consume C3 
vegetation, browsers, have δ13C values less than 11‰ V-PDB while grazers, organisms that 
consume C4 vegetation, have δ13C values around 0‰ V-PDB.  Mammals consuming a mixture of 
C3 and C4 vegetation, mixed feeders, have δ13C values that fall between end-member browsers 
and grazers. This signal is passed up the food chain because the δ13C value of secondary 
!2
δ = RsampleRstandard
⎛
⎝⎜
⎞
⎠⎟ −1
⎡
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⎤
⎦⎥
×1000
consumers reflects that of organisms they consume (DeNiro and Epstein, 1978; Lee-Thorp et al., 
1989) with minor fractionation between trophic positions.  
Figure 1.1. The δ18O values of vegetation and the carbonate component of tooth enamel from a 
selection of modern mammals.  Figure from Kohn and Cerling, 2008. !
The stable oxygen isotopic composition of bioapatite depends on the oxygen isotopic 
composition of the water the mineral precipitates from and the temperature at which the mineral 
precipitates (Sharp, 2007).  By focusing on mammals, which are endothermic, the temperature of 
precipitation is constant; therefore the δ18O value of bioapatite is in equilibrium with the δ18O 
value of body water (Longinelli, 1984; Luz et al., 1984; Bryant and Froelich, 1995).  The δ18O 
value of body water is derived from ingested water, the production of water via metabolic 
pathways, and atmospheric and food oxygen, (Figure 1.2; Luz et al., 1984; Bryant and Froelich, 
1995).  Oxygen leaves the body as water vapor, liquid water, and CO2 (Figure 1.1; Luz et al., 
1984; Bryant and Froelich, 1995).  For large mammals, the δ18O value of ingested water 
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dominates the δ18O value of body water and therefore the δ18O value of  
bioapatite (Bryant and Froelich, 1995). 
Figure 1.2.  Schematic describing the flux of oxygen into and out of a mammal.  Figure 
modified from Luz et al., 1984 and Bryant and Froelich, 1995 with illustration from Kingdon, 
1997. !!
1.1.3 Bioapatite and diagenetic alteration 
 A primary concern for interpreting paleodietary signals from carbon and oxygen isotopic 
compositions from fossil bioapatite is diagenetic alteration.  Fossil vertebrate skeletal tissues 
commonly used for stable isotope analyses include tooth enamel, dentine, cementum, and bone.  
These tissues are a combination of a mineral phase and an organic phase.  The mineral phase is 
commonly referred to as a biogenic apatite, or bioapatite, and is an hydroxylapatite 
(Ca5(PO4)3OH) with structural carbonate substitution at the phosphate (B-) and the hydroxyl (A-) 
sites (LeGeros, 1981; Wang and Cerling, 1994; Roche et al., 2010).  The organic phase is 
dominated by the proteins collagen and osteocalcin while also containing lipids, DNA, and a 
suite of other compounds (Collins et al., 2002).  Bone is typically between 24-26% by weight 
organic material with the mineral phase comprising 65-70% by weight (Wang and Cerling, 
!4
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1994).  Enamel is primarily bioapatite (>96% by weight) with less than 1% by weight organic 
material (LeGeros, 1981; Wang and Cerling, 1994).  Dentine falls between enamel and bone with 
~75% by weight bioapatite and >17% by weight organic material (Wang and Cerling, 1994).  
The porosity of bone is ~40% whereas enamel porosity is ~1% (Wang and Cerling, 1994).  
Enamel bioapatite crystallites are well ordered and an order of magnitude larger than crystallites 
from bone, dentine, and cementum (LeGeros, 1981; Ayliffe et al., 1994). 
 Due to the physiochemical differences outlined above, diagenetic alteration is likely to 
affect bone and dentine more strongly than enamel.  The loss of organic material, notably 
collagen, occurs via microbial action and hydrolysis (Collins et al., 2002; Hedges, 2002; Tütken 
and Vennemann, 2011).  The loss of organic material increases the porosity of bone and dentine 
exposing thermodynamically unstable bioapatite crystallites to diagenetic fluids (Tütken and 
Vennemann, 2011).  These crystallites are susceptible to dissolution and recrystallization, 
resulting in increased crystallite size(Ayliffe et al., 1994; Kohn et al., 1999; Kohn and Cerling, 
2002).  Carbonate, phosphate, and oxide minerals can precipitate on the surface or within 
bioapatite crystallites (Zazzo et al., 2004).  These processes are especially problematic for bone 
and dentine with their greater porosity (Tütken and Vennemann, 2011). 
!
1.2 Thesis Organization 
This thesis has three main sections.  The first section focuses on the effects of 
pretreatment to remove diagenetic alteration of the in vivo carbon and oxygen isotopic 
composition of fossil enamel bioapatite.  In the second section, I will focus on using the 
relationship between the stable oxygen isotopic composition from the carbonate and phosphate 
!5
component of bioapatite to assess diagenetic alteration of fossils from the Pliocene Hadar 
Formation.  In the final section, I will attempt to determine if diagenetic alteration obscures 
primary ecological information from alkaline earth element ratios of enamel bioapatite from 
fossils from the Hadar and Busidima formations.   
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Chapter 2: 
The Effects of Isotopically Variable Water Used for Tooth Enamel Pretreatment on the δ13C 
and δ18O Values of Enamel Bioapatite 
!
2.1 Introduction 
In order to use the stable carbon and oxygen isotope composition of enamel bioapatite to 
reconstruct in vivo signatures, a critical assumption must be made: diagenetic alteration is 
minimal and has a limited effect on the carbon and oxygen isotope composition of bioapatite or 
the alteration is in a form that can be easily removed.  Since the historical development and 
application of these techniques in paleontology and archaeology (dating back to 1981), a two-
step pretreatment procedure has been developed to (1) remove organic material via an oxidation 
reaction and (2) remove secondary carbonate via acid dissolution without adversely affecting the 
primary isotopic and bulk chemical compositions of bioapatite (Lee-Thorp and Van Der Merwe, 
1987; Quade et al., 1992; Koch et al., 1997). 
Previous studies have focused on testing the efficacy of pretreatment solutions to 
successfully remove organic material and secondary carbonate from fossil bone and enamel 
(Koch et al., 1997).  This study attempts to build on this previous work by testing the effects of 
pretreatment solutions made with 18O-enriched and 18O-depleted waters on the δ18O values of 
tooth enamel bioapatite. 
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2.2 Background 
2.2.1 Assessing the effects of pretreatment procedures 
 The effects of pretreatment are usually assessed by comparing the δ13C and δ18O values 
of untreated modern enamel bioapatite to pretreated modern bioapatite from the same individual.  
The assumption is that modern bioapatite is unaffected by diagenetic alteration, therefore the 
analysis of untreated enamel bioapatite will result in primary δ13C and δ18O values for structural 
carbonate that pretreatment tests can be compared to (Koch et al., 1997).  The high organic 
content and surface area of modern bone and dentine make this an unsuitable measure of the 
unaltered δ13C and δ18O values of those two phases (Koch et al., 1997). 
 Crystallographic methods, such as X-ray diffraction (XRD) and Fourier transform 
infrared spectroscopy (FTIR) are often used to assess the effects of pretreatment on the structure 
of bioapatite.  XRD can be used to detect changes in the mineralogy of bioapatite during 
pretreatment (Lee-Thorp and van der Merwe, 1991; Koch et al., 1997).  FTIR can be used to 
look at changes in carbonate substitution at the hydroxyl (A) and phosphate (B) sites of the 
bioapatite lattice (Roche et al., 2010; Grimes and Pellegrini, 2013).  FTIR can also assess 
changes in bioapatite crystallinity by the sharpening of absorbance bands (Nielsen-Marsh and 
Hedges, 2000; Roche et al., 2010). 
!
2.2.2 Removal of organic material from primary bioapatite 
Epstein et al. (1953), one of the pioneers who developed methods of stable isotope 
analysis, proposed that organic matter can contribute to the isotopic composition of CO2 
produced from the reaction of calcium carbonate with phosphoric acid.  In order to minimize, or 
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prevent, this effect, an oxidation regimen for removing organic material from bone bioapatite 
prior to analysis was developed (Schoeninger and DeNiro, 1982; Lee-Thorp and Van Der Merwe, 
1987). 
For the analysis of structural carbonate in bioapatite, the most common approach to 
removing organic material is to soak bone, dentine, or enamel powders in a relatively weak 
solution of sodium hypochlorite (NaOCl) or hydrogen peroxide (H2O2; (Schoeninger and 
DeNiro, 1982; Lee-Thorp and Van Der Merwe, 1987; Quade et al., 1992; Koch et al., 1997).  
Krueger and Sullivan (1984) use Alconox, a detergent, to remove organic material from bone 
prior to isotopic analysis of bioapatite. 
Treatment of modern bone bioapatite with 2% NaOCl for 3 days in a pretreatment test by 
Koch et al. (1997) resulted in a positive shift in δ13C values relative to untreated bioapatite, likely 
reflecting the removal of organic material.  2% NaOCl and 30% H2O2 were observed to have no 
effect on the δ13C and δ18O values of modern enamel bioapatite after reaction for 24 hours (Koch 
et al., 1997).  However, when using 30% H2O2 to remove organic material prior to precipitation 
as silver phosphate, δ18O values of the phosphate component of bioapatite have been shown to 
shift towards expected values given a known δ18O value for drinking water (Grimes and 
Pellegrini, 2013). 
FTIR absorbance spectra of bioapatite pretreated with 30% H2O2 indicates removal of 
carbonate ions at the hydroxyl (A-) site and in samples with a high-organic content, 30% H2O2 
also removed carbonate ions at the phosphate (B-) site (Grimes and Pellegrini, 2013).  In 
contrast, 3% NaOCl was shown to be more effective at removing organic material from 
bioapatite than 30% H2O2 without affecting the carbonate (Grimes and Pellegrini, 2013). 
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2.2.3 Removal of secondary carbonate from primary bioapatite 
Secondary carbonate can occur as cement, precipitate in pores or cracks, or adsorb as 
bicarbonate ions to crystallite surfaces (Krueger, 1991; Koch et al., 1997).  To obtain the primary 
δ13C and δ18O values from structural carbonate within the bioapatite lattice, it is necessary to 
remove nonstructural, secondary carbonate via dissolution in weak acids (acetic acid is 
commonly used), without alteration of the structural carbonate. 
The concentration of acetic acid that may be used to remove secondary carbonate without 
alteration of primary bioapatite has undergone some debate (Sullivan and Krueger, 1981; 
Schoeninger and DeNiro, 1982; Sullivan and Krueger, 1983; Nelson et al., 1986).  The initial 
treatment involved reacting bone powder with 1 N acetic acid overnight to remove secondary 
carbonate (Sullivan and Krueger, 1981, 1983; Krueger and Sullivan, 1984; Krueger, 1991).  
Schoeninger and DeNiro (1982) used 50:50 (v/v) glacial acetic acid and water to soak bone 
powders for 2 days.  Lee-Thorp and van der Merwe (1987) modified the concentration of acetic 
acid to 0.1 M, suggesting that it is sufficient to remove nonstructural carbonate.  Koch et al. 
(1997) introduced the use of 1.0 M calcium acetate buffered acetic acid. 
The δ13C values of modern bone bioapatite become more negative following the removal 
of organic material, similar to modern enamel bioapatite during pretreatment with 0.1 M (pH ≈ 
2.9), 1.0 M (pH ≈ 2.4), and 1.0 M Ca-acetate buffered (pH ≈ 4.5) acetic acid (Lee-Thorp and van 
der Merwe, 1991; Koch et al., 1997).  Additionally, comparisons between the δ13C values of 
fossil enamel pretreated with 0.1 M and 1.0 M acetic acid show little variation (Quade et al., 
1992).  The δ18O values of modern enamel bioapatite were observed to increase relative to 
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untreated enamel (Koch et al., 1997).  Fossil enamel treated with 1.0 M acetic acid was observed 
to have a more positive δ18O value than enamel treated with 0.1 M acetic acid (Quade et al., 
1992).  The difference in the δ13C and δ18O values of pretreated bone and enamel bioapatite and 
untreated bioapatite was greatest for 1.0 M acetic acid and least for 1.0 M Ca-acetate buffered 
acetic acid (Koch et al., 1997). 
FTIR analysis of fossil bioapatite indicates that changes in crystallinity are due to the 
removal of non-structural carbonate not recrystallization (Lee-Thorp and van der Merwe, 1991).  
In a comparison between bone heavily altered by microbial action and relatively unaltered bone, 
Nielsen-Marsh and Hedges (2000) observed that treatment with acetic acid increases the 
correlation between the ratio of carbonate to phosphate peaks from the FTIR absorbance 
spectrum with crystallinity, macroporosity, and microporosity.  Analysis of modern bone 
bioapatite following lengthy exposure to 1.0 M and 50:50 (v/v) acetic acid shows that bioapatite 
can recrystallize to brushite, which can affect δ18O values (Lee-Thorp and van der Merwe, 1991).  
XRD analyses of modern dentine treated with 1.0 M acetic acid also show increased brushite 
concentrations (Koch et al., 1997).  Based on isotope effects and the recrystallization of 
bioapatite to brushite for modern dentine and bone, the most recent and definitive study of pre-
treatment effects, Koch et al. (1997) suggests pretreating bioapatite with either 0.1 M acetic acid 
or 1.0 M Ca-acetate buffered acetic acid. 
!
2.2.4 Published pretreatment procedures 
Procedures for pretreatment prior to isotopic analysis of bioapatite have changed little 
from pretreatments outlined in early publications analyzing δ13C and δ18O values of structural 
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carbonate in bioapatite (Lee-Thorp and Van Der Merwe, 1987; Quade et al., 1992; Koch et al., 
1997).  Pretreatment procedures used in recent publications are summarized in Table 2.1 (see 
page 16).  Various researchers have altered these procedures for the removal of organic material, 
secondary carbonate, and drying the pretreated powders over the historical development of the 
field.  Pretreatment procedures differ in the choice of NaOCl, H2O2, or the omission of the 
oxidation reaction, the concentration and buffering of acetic acid, the length of exposure to 
pretreatment solutions, and oven drying versus vacuum or freeze-drying pretreated powders.  
!
2.3 Objective 
This project seeks to answer two questions concerning the effects of the pretreatment 
process on the stable carbon and oxygen isotope values of structural carbonate in enamel. 
!
2.3.1 What effect do 18O-labeled aqueous solutions have on the oxygen isotope values of 
enamel? 
 Koch et al. (1997) pretreated 2 modern bone samples with 2% NaOCl and either 0.1 M 
and 1.0 M acetic acid prepared from water enriched in 18O relative to the IAEA reference 
standard V-SMOW (+40.0‰ V-SMOW), observing a 1‰ higher δ18O value for the sample 
treated with 18O-enriched 1.0 M acetic acid.  This project builds on this early work by applying 
an extended approach to modern and fossil enamel using 3% H2O2, 0.1 M acetic acid, and 1.0 M 
Ca-acetate buffered acetic acid.  This project will test the hypothesis that the δ18O value of 
relatively 18O-enriched and 18O-depleted pretreatment solutions will have no effect on the δ18O 
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values of enamel by rejecting the alternate hypothesis that the pretreatment solutions will have an 
effect on the δ18O values of enamel. 
Table 2.1 Recently published pretreatment procedures. 
!
2.3.2 What effect does using 3% H2O2 to oxidize organics have on the δ18O values of 
enamel? 
 Treating fossil enamel with 3% H2O2 produces a vigorous reaction, especially when 
modern enamel produces little to no observable reaction.  Coupled with the finding of Grimes 
and Pellegrini (2013) of the removal of structural carbonate during treatment with 30% H2O2 
suggests an assessment of the effects of H2O2 peroxide on the δ18O values of enamel bioapatite.  
This project will test the hypothesis that 3% H2O2 will have no effect on the δ18O values of 
References Organic Removal Secondary Carbonate 
Removal
Drying
Zazzo et al., 2000 
(Lee-Thorp and Van 
Der Merwe, 1987)
2-3% NaOCl for 4-5 
hours
1.0 M Ca-acetate 
buffered acetic acid for 
20 hours
Not discussed
Fox and Fisher, 2004 2-3% NaOCl for 20 
hours
1.0 M Ca-acetate 
buffered acetic acid for 
20 hours
“Thoroughly dried”
Sponheimer et al., 
2005 
1.5% NaOCl for 10 
minutes
0.1 M acetic acid for 10 
minutes
Lyophilized
Nelson, 2007 3% H2O2 for 1 hour 1.0 M acetic acid for 1 
hour
Not discussed
Cerling et al, 2011 N/A 0.1 M buffered acetic 
acid for 30 minutes
Overnight at 60°C
Brookman and 
Ambrose, 2012 
NaOCl (50% Clorox 
bleach)
0.1 M acetic acid for 4 
hours
Vacuum-desiccated
Zazzo et al., 2012 N/A 0.1 M acetic acid for 4 
hours
Oven-dried at 50°C
Bibi et al., 2013 2.5% NaOCl for 20 
hours
1.0 M Ca-acetate 
buffered acetic acid for 
24 hours
24 hours at 70°C
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enamel by rejecting the alternate hypothesis that 3% H2O2 will have an effect on the δ18O values 
of enamel. 
!
2.4 Methods 
2.4.1 Collection of tooth enamel 
Enamel powders were collected from 10 fossil elephantid teeth from the Pliocene Hadar 
Formation using a Dremel® Stylus™ rotary drill equipped with a diamond drill bit.  Fossil 
samples from the Pliocene Hadar Formation, which outcrops in the Dikika Research Project area, 
were drilled at the National Museum of Ethiopia.  Fossil teeth were abraded to remove secondary 
carbonate, sediment, and a thin layer of enamel prior to collecting enamel for analysis. 
!
2.4.2 Preparation of pretreatment solutions 
The solutions commonly used in the USF Stable Isotope Lab for pretreating tooth enamel 
are 3% H2O2 followed by 1.0 M Ca-acetate buffered acetic acid or 0.1 M acetic acid.  3% H2O2 
was prepared by the dilution of 30% H2O2 with double-deionized water.  1.0 M Ca-acetate 
buffered acetic acid was prepared by mixing 1.0 M acetic acid with a 1.0 M solution of Ca-
acetate to reach a pH of 4.5.  The 1.0 M solution of acetic acid was prepared by the dilution of 
57.2 mL of 100% glacial acetic acid with double deionized water for 1.0 L of solution.  The 1.0 
M solution of Ca-acetate was prepared by mixing 176.18 g of Ca-acetate per 1.0 L of water.  0.1 
M acetic acid was prepared by the dilution of 5.72 mL of 100% glacial acetic acid to double 
deionized water for 1.0 L of solution.  All of these solutions were prepared using 18O-enriched 
and 18O-depleted waters.  18O-enriched water was obtained by evaporating tap water from 
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Tampa, FL to obtain water with a δ18O value of +16.4 ‰ V-SMOW.  18O-depleted waters were 
obtained by purchasing bottled water from Alaska to obtain water with a δ18O value of -10.0‰ 
V-SMOW. 
!
2.4.3 Pretreatment procedures 
Standard pretreatment procedures for tooth enamel at the USF Stable Isotope Lab involve 
removing organic matter using H2O2 and removing secondary carbonate using dilute acetic acid.  
The standard procedure is as follows: 
1. Soak 5-6 mg of enamel powder for 30 min in 0.5 mL 3% H2O2 in a 
microcentrifuge vial 
2. Centrifuge and decant 
3. Add 0.5 mL of double deionized water, centrifuge and decant 
4. Repeat step 3 four times 
5. Place uncapped vials into oven at 60°C to dry completely 
6. Soak 5-6 mg of enamel powder for 1 hr in 0.5 mL 1.0 M Ca-acetate buffered 
acetic acid 
7. Repeat steps 2-5 
 To determine the potential for isotopic exchange between the pretreatment solutions and 
tooth enamel the standard pretreatment solutions were prepared using both 18O-enriched and 18O-
depleted double deionized waters.  Powders from each tooth were pretreated following the 
standard methodology using either 18O-enriched or 18O-depleted solutions. 
!
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2.4.4 Analytical procedures 
 Enamel powders were analyzed at the University of South Florida Stable Isotope Lab 
housed in the School of Geosciences.  After pretreatment, 2 mg of enamel powders were 
weighed into 4.5 mL borosilicate Labco Exetainer® vials.  Samples were flushed with helium 
gas and dissolved in 103% phosphoric acid at 25°C for 24 hours to produce a mixture of 0.3% 
CO2 in He. 
The isotopic composition of the CO2 produced from the enamel powders were analyzed 
on a Thermo Delta V 3 keV Isotope Ratio Mass Spectrometer (IRMS) equipped with a Thermo 
Gasbench II device and GCPal autosampler.  Standards used for the analysis of tooth enamel 
carbonate were NBS-18 and an in-house Carrara marble standard calibrated to the V-PDB scale.  
δ13C and δ18O values are reported with 0.1‰ precision.   
 Percent carbonate yields quantify the amount of CO2 produced from the acidification of 
carbonate during acidification with 103% phosphoric acid.  Percent carbonate yields were 
calculated using the assumption that pure calcium carbonate standards are completely converted 
from CaCO3 to CO2.  Percent carbonate yields are calculated using the following  
relationship: 
where A44 is the peak area, in mV/s, of mass 44 and m is the mass; x denotes sample and std 
denotes the standard, which is the in-house Carrara marble standard. 
!
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%CaCO3= A44samplemsample ÷
A44standard
mstandard ×100
⎛
⎝⎜
⎞
⎠⎟
2.4.5 Statistical methods 
 Mann-Whitney U-tests were performed in Matlab R2013a (8.1.0.604) to compare 
differences in the medians of the compared groups.  These tests were performed as either two-
sided, the medians are the same or different, or one-sided, one median is greater than or the same 
as the other, at a significance level of 0.05. 
!
2.5 Results 
2.5.1 Percent carbonate yield 
 Percent carbonate yields are reported in Table 2.2 (see page 25).  The median yield for 
samples treated with 3% H2O2 is 9.2% with a range from 6.1 to 11.4% (Figure 2.1).  A Mann-
Whitney U-test indicates that the median percent carbonate yield for samples treated with 3% 
H2O2 is not significantly different (p = 0.98) from the median of the untreated samples with a 
median value of 9.3% with a range from 5.9 to 12.7% (Figure 2.1).  Samples treated with 1.0 M 
Ca-acetate buffered acetic acid have a median percent carbonate yield of 7.1% with a range from 
5.8 to 8.6% (Figure 2.1).  Using a right-tailed Mann-Whitney U-test, the median percent yield is 
significantly less than the median yields of untreated samples (p = 0.01) and samples treated with 
3% H2O2 (p < 0.001).  The median percent carbonate yield for samples treated with 0.1 M acetic 
acid is 6.8% with a range from 5.4 to 8.2% (Figure 2.1), which is significantly less than the 
median yields of untreated samples (p <0.001) and samples treated with 3% H2O2 (p <0.001).  A 
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Mann-Whitney U-test also indicates that the percent carbonate yields of 1.0 M Ca-acetate 
buffered and 0.1 M acetic acid are not significantly different from each other (p = 0.23). 
Figure 2.1 Box and whisker plots of percent carbonate yield for each treatment test. 
!
2.5.2 Stable carbon isotopic composition 
 δ13C values are reported in Table 2.3 (see page 26).  The difference between the carbon 
isotope values for each pretreatment test and the untreated values are reported in Table 2.4 (see 
page 27).  The median difference between untreated samples and samples treated with 3% H2O2 
is -0.2‰ with a range from -0.4 to 0.2‰ (Figure 2.2).  The median difference between untreated 
samples and samples treated with 1.0 M Ca-acetate buffered acetic acid -0.6‰ with a range from 
-2.1 to 0.2‰ (Figure 2.2).  The median difference between untreated samples and samples 
treated with 0.1 M acetic acid is -0.7‰ with a range from -1.8 to 0.4‰ (Figure 2.2).  
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Figure 2.2 Box and whisker plots of the difference between δ13C values (‰ V-PDB) of 
pretreated and untreated samples. 
  
 The median difference in stable carbon isotope values between samples treated with 18O-
depleted and 18O-enriched 3% H2O2 is 0.0‰ with a range from -0.2 to 0.2‰ (Figure 2.3).  The 
median difference between samples treated with 18O-depleted and 18O-enriched 1.0 M Ca-acetate 
buffered acetic acid is 0.0‰ with a range from -0.4 to 0.3‰ (Figure 2.3).  The median difference 
between samples treated with 18O-depleted and 18O-enriched 0.1 M acetic acid is 0.0‰ with a 
range from -0.9 to 0.3‰ (Figure 2.3). 
!
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Figure 2.3 Box and whisker plots of the difference between δ13C values (‰ V-PDB) of samples 
treated with 18O-depleted and 18O-enriched solutions. !!
2.5.3 Stable oxygen isotopic composition 
 δ18O values for each sample are reported in Table 2.5 (see page 28).  The differences 
between δ18O values for each treatment test are reported in Table 2.6 (see page 28).  The median 
difference in δ18O values between samples treated with isotopically light and isotopically heavy 
3% H2O2 is -1.2‰ with a range from -2.0 to -0.6‰ (Figure 2.4).  All 10 samples treated with 3% 
H2O2 made with 18O-depleted water are more negative than samples treated with 3% H2O2 made 
with 18O-enriched water. 
The median difference between samples treated with 18O-depleted and 18O-enriched1.0 M 
Ca-acetate buffered acetic acid is -0.7‰ with a range from -1.1 to 0.1‰ (Figure 2.4).  9 out of 10 
samples treated with 1.0 M Ca-acetate buffered acetic acid made with 18O-depleted water are 
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more negative than samples treated with 1.0 M Ca-acetate buffered acetic acid made with 18O-
enriched water.  The median difference between 18O-enriched and 18O-depleted 1.0M Ca-acetate 
buffered acetic acid is significantly smaller (Mann-Whitney U-test; p < 0.01) than the median 
difference between 18O-enriched and 18O-depleted 3% H2O2. 
The median difference between δ18O values of samples treated with 18O-depleted and 
18O-enriched 0.1 M acetic acid is -0.4‰ with a range from -1.9 to 0.6‰ (Figure 2.4).  δ18O 
values for 9 out of 10 samples treated with 0.1 M acetic acid made with 18O-depleted water are 
more negative than samples treated with 0.1 M acetic acid made with 18O-enriched water.  A 
Mann-Whitney U-test indicates the median difference between 18O-enriched and 18O-depleted 
0.1M acetic acid is significantly smaller (p < 0.01) than the median difference between 18O-
enriched and 18O-depleted 3% H2O2. 
Figure 2.4 Box and whisker plots of the difference between δ13C values (‰ V-PDB) of samples 
treated with 18O-depleted and 18O-enriched solutions. !
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Table 2.2.  Percent carbonate yields for pretreatment tests. 
  
Sample Untreated 
18O-depleted 
3% H2O2 
18O-enriched 
3% H2O2 
18O-depleted 1.0 M 
Ca-acetate buffered 
Acetic Acid 
18O-enriched 1.0 M 
Ca-acetate buffered 
Acetic Acid 
18O-depleted 
0.1 M Acetic 
Acid 
18O-enriched 
0.1 M Acetic 
Acid 
JN-EN-D1 8.95 10.33 11.41 6.72 6.64 6.53 6.66 
JN-EN-D2 7.13 8.86 8.03 7.72 7.19 7.14 7.06 
JN-EN-D5 6.52 6.74 6.75 5.85 5.77 5.44 5.86 
JN-EN-D25 10.25 10.33 9.68 8.00 8.62 8.15 7.81 
JN-EN-D26 7.96 8.65 8.12 5.91 7.02 7.81 6.74 
JN-EN-D27 12.69 10.67 10.78 6.86 6.87* 6.99 6.68 
JN-EN-D28 5.90 6.75 6.10 6.91 7.14* 6.38 6.85 
JN-EN-D29 11.05 9.61 9.75 7.26 8.44* 7.61 7.55 
JN-EN-D50 9.71 8.23 8.78 6.47 7.81* 6.20 6.50 
JN-EN-D54 10.02 10.15 9.91 7.80 7.84 7.10 6.03 
 
*These yields were not calculated from the same samples used for stable carbon and oxygen isotope values. 
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Table 2.3.  δ13C values (‰ V-PDB) for pretreatment test samples. 
  
Sample Untreated 
18O-depleted 
3% H2O2 
18O-enriched 
3% H2O2 
18O-depleted 1.0 M 
Ca-acetate buffered 
Acetic Acid 
18O-enriched 1.0 M 
Ca-acetate buffered 
Acetic Acid 
18O-depleted 
0.1 M Acetic 
Acid 
18O-enriched 
0.1 M Acetic 
Acid 
JN-EN-D1 -5.27 -4.88 -4.85 -3.44 -3.16 -3.46 -3.71 
JN-EN-D2 -2.12 -1.94 -1.83 -1.50 -1.77 -1.59 -1.55 
JN-EN-D5 -1.57 -1.17 -1.20 -0.65 -0.93 -0.68 -0.62 
JN-EN-D25 -0.19 -0.23 -0.07 0.34 0.16 0.41 0.38 
JN-EN-D26 -2.65 -2.46 -2.55 -2.80 -2.41 -3.02 -2.10 
JN-EN-D27 -2.30 -2.07 -2.16 -0.56 -0.66 -0.70 -0.78 
JN-EN-D28 -2.07 -2.03 -2.23 -1.90 -1.93 -1.74 -1.83 
JN-EN-D29 -0.29 -0.29 -0.14 0.24 0.23 0.30 0.25 
JN-EN-D50 -1.46 -1.09 -1.03 -0.33 -0.17 -0.51 -0.29 
JN-EN-D54 -0.55 -0.22 -0.25 0.20 0.36 0.38 0.20 	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Table 2.4. Differences between untreated δ13C values (‰ V-PDB) and pretreatment test samples. 
 
 
Δδ13C 3% H2O2 Δδ13C 1.0 M Ca-acetate buffered 
Acetic Acid 
Δδ13C 0.1 M Acetic Acid 
Sample 18O-depleted 18O-enriched 18O-depleted 18O-enriched 18O-depleted 18O-enriched 
JN-EN-D1 -0.39 -0.42 -1.83 -2.11 -1.81 -1.56 
JN-EN-D2 -0.18 -0.29 -0.62 -0.35 -0.53 -0.57 
JN-EN-D5 -0.4 -0.37 -0.92 -0.64 -0.89 -0.95 
JN-EN-D25 0.04 -0.12 -0.53 -0.35 -0.6 -0.57 
JN-EN-D26 -0.19 -0.1 0.15 -0.24 0.37 -0.55 
JN-EN-D27 -0.23 -0.14 -1.74 -1.64 -1.6 -1.52 
JN-EN-D28 -0.04 0.16 -0.17 -0.14 -0.33 -0.24 
JN-EN-D29 0.00 -0.15 -0.53 -0.52 -0.59 -0.54 
JN-EN-D50 -0.37 -0.43 -1.13 -1.29 -0.95 -1.17 
JN-EN-D54 -0.33 -0.3 -0.75 -0.91 -0.93 -0.75 
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Table 2.5.  δ18O values (‰ V-PDB) for pretreatment test samples. 
  
Sample Untreated 
18O-depleted 
3% H2O2 
18O-enriched 
3% H2O2 
18O-depleted 1.0 M 
Ca-acetate buffered 
Acetic Acid 
18O-enriched 1.0 M 
Ca-acetate buffered 
Acetic Acid 
18O-depleted 
0.1 M Acetic 
Acid 
18O-enriched 
0.1 M Acetic 
Acid 
JN-EN-D1 -3.27 -3.03 -2.44 -2.17 -1.17 -1.66 -1.28 
JN-EN-D2 -6.21 -5.99 -4.92 -6.21 -5.90 -5.99 -5.72 
JN-EN-D5 -5.66 -5.43 -4.69 -5.15 -4.82 -4.95 -4.56 
JN-EN-D25 -1.47 -1.86 -0.50 -0.82 -0.96 -0.67 -0.34 
JN-EN-D26 -6.33 -6.70 -5.35 -6.46 -5.90 -6.48 -6.03 
JN-EN-D27 -1.18 -1.15 0.25 0.37 1.30 -0.04 0.76 
JN-EN-D28 -3.94 -4.26 -3.66 -3.99 -3.89 -4.04 -4.00 
JN-EN-D29 -1.89 -1.87 -0.10 -1.14 -0.26 -1.24 -0.36 
JN-EN-D50 -1.71 -1.69 -0.62 -1.21 -0.16 0.04 -0.56 
JN-EN-D54 -2.18 -2.41 -0.44 -2.04 -0.97 -3.15 -1.24 
 
Table 2.6 Differences (18O-depleted–18O-enriched) between δ18O values (‰ V-PDB) of 
pretreatment test samples. 
!!
2.6 Discussion 
2.6.1 Percent carbonate yield 
Percent carbonate yields are an important, yet often underutilized, method of gauging the 
removal of secondary carbonate.  The similarity between the percent carbonate yields for 
untreated samples and those treated with 3% H2O2 is not surprising since this reaction should 
oxidize organic material without affecting the amount of secondary or structural carbonate.  A 
decrease in the percent carbonate yields from untreated to the two acid treatments suggests that 
carbonate has been removed from the bioapatite.  After 1 hour, both 0.1 M acetic acid and 1.0 M 
Ca-acetate buffered acetic acid are equally effective at removing carbonate to a similar degree.  It 
is unclear from percent carbonate yields if the carbonate that has been removed is structural or 
secondary. 
!
!29
Sample Δ δ18O 3% H2O2 Δ δ18O 1.0 M Ca-acetate 
buffered Acetic Acid
Δ δ18O 0.1 M Acetic 
Acid
JN-EN-D1 -0.59 -1.00 -0.38
JN-EN-D2 -1.07 -0.31 -0.27
JN-EN-D5 -0.74 -0.32 -0.40
JN-EN-D25 -1.36 0.14 -0.33
JN-EN-D26 -1.34 -0.55 -0.45
JN-EN-D27 -1.41 -0.93 -0.79
JN-EN-D28 -0.60 -0.10 -0.04
JN-EN-D29 -1.77 -0.88 -0.88
JN-EN-D50 -1.07 -1.05 0.60
JN-EN-D54 -1.96 -1.06 -1.90
2.6.2 Stable carbon isotopic composition 
Overall, the carbon isotopic composition of bioapatite becomes more positive than 
untreated values with pretreatment.  The use of 3% H2O2 does not strongly affect stable carbon 
isotope composition relative to untreated samples.  3% H2O2 is used to oxidize organic material, 
producing H2O and CO2, where the carbon isotopes are derived from organic carbon and the 
oxygen isotopes should reflect that of the solution.  Since some organic carbon may be acid 
soluble this procedure is intended to prevent organic C contributions to CO2 evolved from the 
carbonate component of enamel bioapatite during the phosphoric acid reaction.  The negligible 
change in the δ13C values between untreated samples and samples treated with 3% H2O2 suggests 
that acid soluble carbon derived from organic material does not have a substantial contribution to 
the δ13C value of the carbonate component of enamel bioapatite.   
The limited difference between the δ13C value of the carbonate component of enamel 
bioapatite treated with both 0.1 M and 1.0 M Ca-acetate buffered acetic acid and untreated 
enamel is due to similar δ13C values of secondary carbonate and the primary signal from the 
sample.  Paleosol carbonates indicate that vegetation in East Africa has become dominated by C4 
tropical grasses since the Pliocene (deMenocal, 2011).  This C4 signature will be reflected in the 
δ13C value of secondary carbonate precipitated on and/or within cracks in bones and teeth.  Since 
elephantids from the Pliocene graze C4 grasses, the primary δ13C value will be similar to that of 
secondary carbonate.  This explains why the removal of secondary carbonate through dissolution 
in acetic acid results in δ13C values of enamel similar to, or only slightly more positive than, the 
untreated samples.  
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2.6.3 Stable oxygen isotopic composition 
These experiments show that there is a difference in δ18O values between the carbonate 
component of enamel bioapatite treated with 18O-depleted solutions and 18O-enriched solutions.  
Samples treated with 18O-depleted solutions have δ18O values that are more negative than 
samples treated with 18O-enriched solutions, suggesting oxygen isotope exchange between the 
carbonate component of enamel bioapatite and the pretreatment solutions.  Although exchange 
between the carbonate component of bone bioapatite and 18O-labeled solutions has been 
documented (Koch et al., 1997), it is surprising to see this effect for enamel bioapatite, which is 
presumed to be more resistant to diagenesis or other alteration. 
Oxygen isotope exchange between the pretreatment solution and tooth enamel is most 
profound for samples treated with 18O-depleted and 18O-enriched 3% H2O2.  The average 
difference between samples treated with 18O-depleted and 18O-enriched 3% H2O2 of 1.19‰ 
suggests that a process is occurring during the reaction intended to oxidize organic material, 
which results in an exchange between the oxygen of secondary and/or structural carbonate and 
the oxygen of the solution itself.  Since the percent carbonate values and δ13C values are 
relatively unchanged from untreated enamel this exchange is occurring without net change in the 
amount of carbonate in the enamel sample. 
After treatment with 0.1M and 1.0M Ca-acetate buffered acetic acids, the difference 
between samples treated with 18O-depleted and 18O-enriched solutions is roughly half of the 
difference for samples treated with 3% H2O2.  If after an hour, the dissolution of carbonate is 
complete, this suggests that the oxygen of the solutions exchanged with the oxygen in the 
structural carbonate of enamel bioapatite.  An alternative explanation is that during the oxidation 
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reaction oxygen of the solution exchanges with oxygen in secondary carbonate.  This secondary 
carbonate is then removed by the 0.1 M and 1.0 M Ca-acetate buffered acetic acid, minimizing 
the difference between samples treated with 18O-depleted and 18O-enriched 3% H2O2.  It is 
interesting that the smallest average difference between enamel bioapatite treated with 18O-
enriched and 18O-depleted solutions belongs to samples pretreated with the more aggressive 
0.1M acetic acid. 
!
2.7 Conclusions 
Percent carbonate yields and δ13C values suggest that treatment with either 0.1M or 1.0M 
Ca-acetate buffered acetic acid is effective at removing carbonate from enamel bioapatite, 
although it is unclear if the carbonate being removed is secondary or structural.  Pretreating 
enamel bioapatite with solutions made from waters with δ18O values drastically different from 
each other shows that even during short reactions at room temperature, exchange of oxygen 
isotopes between enamel carbonate and the solution can occur.  Coupling this study with FTIR 
analysis could shed light on whether the carbonate removed by acetic acid and altered by 3% 
H2O2 is secondary or structural carbonate. 
Applying a similar treatment test to modern enamel may also help determine the effects 
of 18O-depleted and 18O-enriched solutions on the oxygen isotopic composition.  Modern enamel 
does not contain secondary carbonate, as was the case with the fossil material used in this study, 
and as such would be able to demonstrate that any difference between enamel bioapatite treated 
with 18O-depleted and 18O-enriched solutions is due solely to exchange with structural carbonate.  
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Decreases in percent carbonate yields for modern samples would suggest that structural 
carbonate, in addition to secondary carbonate, is being removed during the pretreatment process. 
!
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!
Chapter 3: 
Assessing Diagenetic Alteration of the Hadar Formation Fauna by Comparing the δ18O 
Values of the Phosphate and Carbonate Components of Bioapatite 
!
3.1 Introduction 
The stable oxygen isotopic composition of the phosphate component of enamel, dentine, 
and bone bioapatite provides an important tool in paleoclimate and paleoecological research.  
Phosphate δ18O values can be used in the same way as carbonate δ18O values as a technique to 
reconstruct the oxygen isotopic composition of paleo-waters (Longinelli, 1973; Longinelli and 
Nuti, 1973b, a; Longinelli, 1984), track faunal migration (Pellegrini et al., 2008), and elucidate 
patterns in paleo-aridity (Levin et al., 2006; Bedaso et al., 2010).  Additionally, the relationship 
between the stable oxygen isotope composition of phosphate and carbonate in bioapatite can also 
be used as an indicator of the degree of diagenetic alteration of fossil material (Bryant et al., 
1996; Iacumin et al., 1996; Zazzo et al., 2004b; Tütken et al., 2006; Martin et al., 2008; 
Pellegrini et al., 2011; Tütken and Vennemann, 2011; Chenery et al., 2012; Domingo et al., 
2013). 
The use of the phosphate component of bioapatite developed from the desire to obtain 
reliable δ18O values from a medium more resistant to diagenetic alteration than the carbonate 
component (Wang and Cerling, 1994).  Phosphorus-oxygen bonds are stronger than carbon-
oxygen bonds; thus phosphate in bioapatite is more resistant to diagenetic alteration under  36
inorganic conditions at low temperatures (Iacumin et al., 1996; Sharp et al., 2000; Zazzo et al., 
2004a; Zazzo et al., 2004b; Martin et al., 2008).  Suspected of affecting the δ18OP values of 
bioapaitite (Ayliffe et al., 1994, Kolodny et al., 1996), microbial activity has been shown, 
experimentally, to facilitate oxygen isotope exchange between the phosphate component of 
bioapatite and surrounding fluids (Zazzo et al., 2004a).  Since enamel is more resistant to 
diagenetic alteration, these effects are reduced compared to bone and dentine (Zazzo et al., 
2004a). 
 The linear relationship between the oxygen isotopic composition of the phosphate (δ18Op) 
and carbonate (δ18Oc) components of vertebrate bioapatite is a useful tool that can be used as an 
indicator of diagenetic alteration (Iacumin et al., 1996; Zazzo et al., 2004b; Martin et al., 2008; 
Domingo et al., 2013).  Since oxygen in both the phosphate and carbonate components is in 
isotopic equilibrium with body water, there is an expected and predictable linear relationship 
between δ18Oc and δ18Op (Bryant et al., 1996; Iacumin et al., 1996; Zazzo et al., 2004a).  Any 
deviation from a slope of unity between δ18Oc and δ18Op indicates potential diagenetic alteration 
(Iacumin et al., 1996; Zazzo et al., 2004a). Experimental results suggest inorganic exchange with 
surrounding fluids will drive the slope of the regression line to values higher than 1, whereas 
slopes less than one indicate microbially mediated exchange (Zazzo et al., 2004a; Zazzo et al., 
2004b). 
 The apparent fractionation factor between δ18Oc and δ18Op (αc-p) is an assessment of the 
equilibrium fractionation between the phosphate and carbonate components of bioapatite.  αc-p is 
calculated assuming a relatively constant body temperature of 37°C for large mammals, a known 
fractionation between body water and phosphate, and with the assumption that the fractionation  37
between bioapatite carbonate and CO2 during phosphoric acid dissolution is the same as 
fractionation between calcite and CO2 (Bryant et al., 1996; Iacumin et al., 1996).  The 
relationship between δ18Oc and δ18Op has been replicated in subsequent assessments with some 
variation in the coefficients of the regression line and in apparent fractionation factors (Table 
3.1).  
Table 3.1 Previously published relationships between δ18Oc and δ18Op with apparent 
fractionation factors (αCO3-PO4). !
ºMartin et al., 2008 reported their relationship as δ18Oc as a function of δ18Op rather than the 
conventional relationship of δ18Op as a function of δ18Oc. !!
3.2 Objective 
 The objective of this research is to use the stable oxygen isotope composition of 
phosphate in enamel bioapatite to identify potential diagenetic alteration of fossil mammals from 
the Hadar Formation.   
!
Study Regression Slope Regression Intercept αCO3-PO4
Iacumin et al., 1996 0.98 8.5 1.0090
Bryant et al., 1996 0.963 (± 0.018) 7.75 (± 0.475) 1.0086 ± 0.0007
Zazzo et al., 2004 0.97 (± 0.04) 9.13 (± 1.502)
Tutken et al., 2006
Pellegrini et al., 2011 0.950 (± 0.016) 7.51 (± 0.439) 1.00867 ± 0.00077
Chenery et al., 2012 1.0322 (± 0.008) 9.6849 (± 0.187)
Domingo et al., 2013 1.07 10.21
Martin et al., 2008º δ18Oc = 1.037 (± 0.026) * δ18Op + 8.57 (± 0.504) 1.0082 ± 0.0007
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3.3 Methods 
3.3.1 Collection of Tooth Enamel 
Enamel powders were collected from both fossil mammal teeth covering a range of 
species using a Dremel® Stylus™ rotary drill equipped with a diamond drill bit.  Fossil samples 
from the Pliocene Hadar Formation were drilled at the National Museum of Ethiopia.  Fossil 
teeth were abraded to remove secondary carbonate, sediment, and a thin layer of enamel from the 
surface prior to collecting enamel for analysis.  
!
3.3.2 Sample preparation 
3.3.2.1 Pretreatment for carbonate analysis 
Enamel bioapatite was prepared for carbonate analysis following a modified method 
based on Lee-Thorp and Van Der Merwe (1987) and Koch et al. (1997).  Approximately 5mg of 
enamel powder was soaked for 1 hour in 0.5mL of 1.0M Ca-acetate buffered acetic acid (ph~4.5) 
in microcentrifuge vials.  After soaking, samples were centrifuged and the supernatant removed.  
The enamel powders were then rinsed 5 times using Milli-Q water and then placed, uncapped, 
into a 60°C oven to dry.  
!
3.3.2.2 Precipitation of silver phosphate for phosphate analysis 
 The phosphate component of bioapatite was precipitated as silver phosphate following a 
modified method based on O'Neil et al. (1994). 10-15 mg of enamel powder was weighed into a 
15 mL polypropylene centrifuge vial and soaked for 24 hours in 30% H2O2.  Samples were 
centrifuged and rinsed 5 times using Milli-Q water.  2 mL of 2M HF was added to the samples  39
and allowed to dissolve for 24 hours.  After 24 hours the samples were centrifuged and the 
solution pipetted into a 50 mL centrifuge vial.  The acid was neutralized with 3 mL of 2M KOH.  
The CaF2 precipitate was rinsed with 2 mL double deionized (DDI) water, centrifuged and the 
rinse pipetted into the phosphate solution.  10 mL of silver amine solution (0.2 M AgNO3 • 0.35 
M NH4NO3 • 0.74 M NH4OH) was added to the phosphate solution (O’Neil et al., 1994).  
Centrifuge vials were filled with DDI water then placed in a hot block where temperatures were 
gradually increased to 70°C.  Samples remained at 70°C for 3 hours and were then returned to 
room temperature.  Ag3PO4 crystals were filtered from solution using a 0.2 µm filter and rinsed 
several times.  The precipitates were then dried at 50°C overnight before being stored in 0.5 mL 
microcentrifuge tubes. 
!
3.3.3 Analytical procedures 
3.3.3.1 Analysis of carbonate component of bioapatite 
Enamel powders were analyzed at the University of South Florida Stable Isotope Lab 
housed in the School of Geosciences.  After pretreatment, 2 mg of enamel powders were 
weighed into 4.5 mL borosilicate Labco Exetainer® vials.  Samples were flushed with helium 
gas and dissolved in 103% phosphoric acid at 25°C for 24 hours to produce CO2. 
The isotopic composition of the CO2 produced from the enamel powders were analyzed 
on a Thermo Delta V 3 keV Isotope Ratio Mass Spectrometer (IRMS) equipped with a Thermo 
Gasbench II device and GCPal autosampler.  Standards used for the analysis of tooth enamel 
carbonate were NBS-18 and Carrara, an in-house carbonate standard similar to NBS-19, and 
calibrated to the V-PDB scale. δ18Oc values are reported relative to 0.1‰ precision.  The  40
resulting δ18Oc values were converted to the V-SMOW scale using the following equation 
(Coplen et al., 1983): 
!
3.3.3.2 Analysis of the phosphate component of bioapatite 
 Enamel samples, precipitated as silver phosphate, were analyzed in the stable isotope lab 
in the Geophysical Laboratory department at the Carnegie Institution of Washington.  
Approximately 0.6 mg of silver phosphate was weighed into a silver capsule.  Once weighed, 
samples were loaded into a Costech zero-blank autosampler attached to a Thermo Finnegan TC/
EA.  Samples were combusted at 1400°C and the resulting CO measured using a Thermo Delta 
Plus XL. 
 NIST 1486 and NIST 120c were analyzed to determine the effects of the treatment 
process on samples with consensus δ18Op values.  Samples were calibrated to the V-SMOW scale 
using two internal standards (Kodak and Fisher) and the certified Ag3PO4 reference material, 
B2207, from Elemental Microanalysis.  δ18Op values are reported to 0.1‰ precision. 
!
3.3.4 Calculation of the apparent fractionation factor 
The apparent fractionation factor (αc-p) of each sample is calculated using the following 
equation: 
The αc-p values are then averaged for the average apparent fractionation factor for the sampled 
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α c−p =
1000 +δ 18Op
1000 +δ 18Oc
⎛
⎝⎜
⎞
⎠⎟
.
δ 18Oc(V-SMOW)=1.03091×δ 18Oc(V-PDB)+30.91.
population.  The enrichment factor (εc-p) between δ18Oc and δ18Op is calculated using the 
following equation: 
where αc-p is the calculated average apparent fractionation factor. 
!
3.3.5 Statistical Methods 
 Box and whisker plots were created using Matlab v. 2013a (8.1.0.604).  The linear 
regression models with 95% confidence intervals were fit to δ18Oc versus δ18Op relationships 
using Matlab v. 2013a (8.1.0.604). 
!
3.4 Results 
Taxa sampled from the Hadar Formation include Deinotherium, elephantidae, suidae, 
Eurygnathohippus, and hippopotamidae.  The δ18O values from the carbonate component and 
phosphate component of enamel bioapatite from each individual are presented in Table 3.2. 
The difference between δ18Op and δ18Oc (Δ18Oc-p) for each individual sample is reported 
in Table 3.2.  Excluding sample JN-EN-D41 due to its low yield of %O relative to the other 
samples, the average Δ18Oc-p is 8.1‰ with a standard deviation of 1.8‰.  A box and whisker plot 
of Δ18Oc-p indicates the majority of the data cluster tightly near the median, 8.2‰, with 3 outliers 
(Figure 3.1).  These outliers also have low δ18Op values relative to other sampled members of the 
same taxon (Table 3.2).  Of the three, two are beyond 2 standard deviations of the mean Δ18Oc-p 
value and are subsequently excluded from additional analyses.   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Table 3.2.  δ18Op, δ18Oc, Δ18Oc-p, and αc-p values for individual samples from the Hadar Formation. 	  
Sample Taxon Strat. Unit %O2 δ18Op 
(V-SMOW) 
δ18Oc 
(V-SMOW) 
δ13C 
(V-PDB) 
Δ18Oc-p αc-p 
EW-EN-6 Eurygnathohippus DD-2 13.0 17.2 25.5 -1.3 8.4 1.00825 
EW-EN-23 Eurygnathohippus KH-2 15.9 19.9 28.3 0.6 8.5 1.00831 
EW-EN-5 Eurygnathohippus DD-2 14.1 16.5 24.4 0.4 7.9 1.00781 
EW-EN-38 Notochoerus KH-2 14.7 18.4 26.0 -1.4 7.6 1.00745 
EW-EN-35 Notochoerus KH-2 12.8 15.9 23.7 -1.5 7.8 1.00767 
JN-EN-D14 Notochoerus SH 14.1 16.2 24.7 -1.2 8.5 1.00835 
JN-EN-D359 Nyanzochoerus BBM 14.1 16.3 25.3 -5.5 9.0 1.00885 
JW-EN-281 Elephas DD-2 14.4 18.6 27.7 -0.6 9.1 1.00893 
JW-EN-279 Elephantidae SH-1 15.2 16.8 25.2 -2.6 8.4 1.00827 
JN-EN-D6 Hippopotamidae SH 14.0 13.8 22.4 -5.2 8.5 1.00842 
JN-EN-D31 Hippopotamidae SH 14.8 10.9 23.5 -2.1 12.6 1.01249 
JW-EN-224 Deinotherium DD-3 14.6 23.4 31.5 -13.1 8.1 1.00796 
KR-EN-92 Deinotherium DD-3 14.3 20.0 28.0 -13.7 8.0 1.00784 
JW-EN-282 Deinotherium KH-2 14.5 22.0 30.0 -13.2 8.0 1.00781 
JW-EN-273 Deinotherium KH-2 14.7 19.7 28.0 -10.9 8.3 1.00816 
JW-EN-226 Deinotherium DD-3 11.6 21.0 28.4 -12.5 7.4 1.00724 
JW-EN-283 Deinotherium KH-2 14.8 22.1 30.2 -12.3 8.0 1.00787 
JW-EN-227 Deinotherium SH-1/SH-2 13.0 22.4 30.3 -13.0 7.9 1.00776 
JW-EN-284 Deinotherium KH-2 14.7 21.4 30.0 -13.2 8.6 1.00844 
JW-EN-274 Deinotherium KH-2 15.4 22.3 29.6 -10.2 7.3 1.00715 
KR-EN-91 Deinotherium KH-1 14.4 13.8 23.1 -13.4 9.3 1.00915 
KR-EN-90 Deinotherium Busidima 14.6 15.0 21.7 -12.9 6.7 1.00665 
JW-EN-285 Deinotherium KH-2 14.5 18.4 20.0 -14.0 1.6 1.00156 
         JN-EN-D41° Notochoerus SH 7.8 13.6 25.4 -2.5 11.8 1.01167 
 
°This sample excluded based on low %O2 relative to the other analyzed samples 
Figure 3.1 Box and whisker plot and histogram of the distribution of  Δ18Oc-p data. 
The apparent fractionation factors (αc-p) for each individual are reported in Table 3.2.  The 
average αc-p, excluding the two aforementioned outliers, is 1.0080 with a standard deviation of 
0.00061.  The apparent fractionation factor between the oxygen isotopic composition of the 
carbonate and phosphate component of enamel bioapatite indicates that the enrichment factor 
between the carbonate and phosphate components is 8.0‰. 
Comparing δ18OP versus δ18OC indicates that samples with high δ18O values have a tight 
linear relationship but that there is scatter at low δ18O values.  Fitting this plot with a linear 
regression model results in 
δ18Op = 0.878 (±0.120) × δ18Oc - 4.80 (±3.18) 
with an R2 of 0.72 (Figure 3.2). 
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Figure 3.2 Linear regression for all individuals from the Hadar Formation with best-fit line and 
95% CI. !
Considering the majority of samples fit a tight relationship and that the low slope is due 
primarily two samples (JN-EN-D31 and JW-EN-285) with δ18Op and δ18Oc values that deviate 
strongly from the linear regression model, excluding these two samples results in the following 
linear relationship between δ18OP and δ18OC: 
δ18Op = 1.01 (±0.049) × δ18Oc - 8.48 (±1.32) 
with an R2 of 0.96 (Figure 3.3).  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Figure 3.3.  Linear regression for individuals from the Hadar Formation excluding outliers with 
best-fit line and 95% CI. !
 
3.5 Discussion 
 Variation in Δ18Oc-p values of mammals from the Hadar Formation suggests that the some 
of the samples have undergone diagenetic alteration to the extent of significant alteration of δ18O 
values of either the phosphate or carbonate component.  These samples are significantly different 
from the majority of the samples with Δ18Oc-p values at the extremes of the observed range.  The 
Δ18Oc-p values of the remaining the taxa are similar to values observed in modern enamel (Table 
3.1), suggesting diagenetic alteration has not obscured biogenic oxygen isotope information of 
these samples. 
 46
20 22 24 26 28 30 32
10
15
20
25
d18Oc (V−SMOW)
d1
8O
p 
(V
−
SM
O
W
)
 
 
Data
Fit
Confidence bounds
δ18Oc (‰ V-SMOW)
δ1
8 O
p 
(‰
 V
-S
M
O
W
)
 The slope of the linear regression model for δ18Op versus δ18Oc when including the two 
samples with outlier Δ18Oc-p values is less than 1, which could indicate microbial degradation of 
the phosphate component of bioapatite (Zazzo et al., 2004b).  Considering, all but two of the 30 
samples from the Hadar Formation follow a strongly linear relationship; it is possible that this 
could have been an unintentional sampling of dentine, which is known to be less resistant to 
alteration (Wang and Cerling, 1994; Sharp et al., 2000).  Excluding these two samples, the 
resulting slope of the linear regression model is similar to slopes obtained for modern fauna 
(Table 3.1), indicating limited diagenetic alteration for the majority of the 30 samples. 
!
3.6 Conclusions 
 This exploratory study points to the comparison of the δ18O values from the carbonate 
and phosphate components of bioapatite as a useful tool in identifying samples that are 
significantly different from the remaining population due to diagenetic alteration.  While two 
samples from the Hadar Formation appear to be altered, the remaining samples fit a linear 
regression model with a slope very close to 1 and have an average offset, and apparent 
fractionation factor, between δ18Oc and δ18Op consistent with unaltered, modern, mammals.  It is 
likely that many mammalian enamel specimens from the Hadar Formation retain in vivo δ18O 
values relating to the δ18O value of the water they consumed. 
 In order to gauge the success of comparing the linear relationship between δ18O values of 
the carbonate and phosphate components of bioapatite as a diagenetic indicator additional 
research should be pursued.  A potential focus area would be comparing the δ18Oc and δ18Op 
values of samples that are strongly altered, based on visual cues like encrustation and color  47
change, with samples that have a limited degree of visible alteration.  An additional area would 
be comparing the relationship between δ18Oc and δ18Op values in dentine with the more strongly 
resistant enamel.  If there is a correlation between visible diagenetic alteration and a weak 
relationship between the two components in enamel, it will provide a suggestion for sampling 
enamel for isotopic analysis. 
!
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!
Chapter 4: 
Using Trace Element Ratios to Elucidate Paleodietary Patterns from Mammalian Fossil 
Enamel from the Pliocene Hadar and Busidima Formations, Ethiopia 
!
4.1 Introduction 
 Trace element ratios, notably the ratios of Sr and Ba relative to Ca, are a potentially 
useful tool in reconstructing paleodiets of prehistoric mammals (Toots and Voorhies, 1965; 
Sillen, 1981, 1986, 1988, 1992; Lee-Thorp, 2003; Sponheimer et al., 2005; Sponheimer and Lee-
Thorp, 2006) and archeological humans (Schoeninger, 1979).  Early studies using trace elements 
focused on attempting to draw trophic level information from a suite of elements, primarily Sr/
Ca ratios (Sillen, 1981).  Concerns over diagenetic alteration of bone material led to a decline in 
the use of trace element ratios to reconstruct paleodiets (Tuross et al., 1989; Kohn et al., 1999; 
Trueman and Tuross, 2002).  However, recent research has shown that, in at least some cases, 
dietary information can be obtained from fossil mammal enamel bioapatite reflecting patterns 
observed in modern enamel bioapatite (Lee-Thorp, 2003; Sponheimer et al., 2005; Sponheimer 
and Lee-Thorp, 2006).  
!
 51
4.2 Background 
4.2.1 Trace element ratios within an ecosystem 
The observation of trophic level variation of the alkali earth elements in skeletal 
bioapatite developed from the concern that the absorption of radioactive 90Sr in food sources, 
from nuclear testing, could have detrimental effects on the population (Sillen and Kavanagh, 
1982; Burton and Price, 2000).  Strontium and barium were observed to be non-essential 
elements for mammal physiology but were found to substitute for calcium, an essential element, 
and concentrate in skeletal bioapatite (Elias et al., 1982).  
 Plants do not discriminate in the uptake of available trace elements from the soil solution 
(Sillen and Kavanagh, 1982).  However, once taken up, calcium is preferentially transported to 
plant leaves resulting in lower Sr/Ca ratios in leaves than in stems and roots (Runia, 1987; Sillen 
and Lee-Thorp, 1994). Underground storage organs have been shown to have higher Sr/Ca ratios 
than seeds or berries (Sillen et al., 1995).  Because of this, herbivores that consume primarily 
leaves, known as browsers, can be differentiated from herbivores that consume other plant parts 
and grasses (Toots and Voorhies, 1965; Sillen and Lee-Thorp, 1994; Lee-Thorp, 2003; 
Sponheimer et al., 2005; Sponheimer and Lee-Thorp, 2006).  The concentration of Sr and Ba 
relative to Ca in skeletal bioapatite is roughly 20% of dietary intake (Elias et al., 1982; Burton 
and Price, 2000; Peek and Clementz, 2012).  Sr/Ca and Ba/Ca ratios decrease with increasing 
trophic position as the body discriminates against the non-essential elements in favor of calcium, 
a process termed biopurification (Figure 4.1; Elias et al., 1982; Sillen and Kavanagh, 1982; 
Burton and Price, 2000; Peek and Clementz, 2012).  Carnivores will subsequently discriminate 
against Sr and Ba resulting in lower ratios than their prey (Sillen, 1981).  However, it is  52
important to compare Sr/Ca ratios of specific predator-prey relationships for trophic level 
reconstruction, because herbivores consuming plants with low Sr/Ca ratios, such as foliage will 
show ratios that overlap with those of carnivores (Sillen et al., 1989; Lee-Thorp, 2003). 
Figure 4.1 Systematic variation in Sr/Ca and Ba/Ca ratios with changes in trophic position.  
Figure from Peek and Clementz, 2012. !
Most paleodietary studies have focused on the biopurification of Sr in food webs, with 
relatively few pursuing other potential tools, such as the use of Ba/Ca ratios to reconstruct tropic 
levels or pursue questions regarding feeding strategies (Toots and Voorhies, 1965; Sillen, 1981, 
1988).  However, Ba, which will also substitute for Ca in the apatite crystal lattice, with its larger 
ionic radius and limited geologic availability is potentially a more sensitive paleodietary 
indicator (Elias et al., 1982; Ezzo, 1994a; Burton and Price, 2000). 
 Unlike the non-essential trace elements of Sr and Ba, essential trace elements are those 
that are metabolically regulated, like Zn, Mn, Cu, and Fe.  The use of essential trace elements for  53
paleodiet reconstruction is potentially more complicated because these elements are necessary 
for bodily functions and little is known about how these elements are taken up by skeletal 
bioapatite (Ezzo, 1994a, b; Burton and Price, 2000).  An assessment of a large suite of elements 
in tooth enamel shows that many essential elements, like Zn, Mn, Fe, and rare earth elements 
(REE) biomagnify, or accumulate with the consumption of flesh and/or soil, during grooming, 
with increasing trophic position rather than following the biopurification model of the alkali 
earth elements (Kohn et al., 2012).   
!
4.2.2 Diagenetic alteration 
Despite a basic understanding of the mechanisms of biopurification and 
biomagnification, diagenetic alteration is an important concern when trying to interpret 
paleodietary signals from fossil organisms.  During fossilization, bone is extremely susceptible to 
adsorption and substitution of cations for Ca2+ in crystal lattice sites (Trueman and Tuross, 
2002).  Since the concentrations of REE in fresh skeletal bioapatite are less than 1ppm, post-
mortem increases in REE concentrations illustrate potential diagenetic alteration during 
fossilization (Trueman and Tuross, 2002; Kohn, 2008).  In fact, the diffusion of REE and U has 
become an important tool in trying to understand the fossilization process (Trueman and Tuross, 
2002; Kohn, 2008).  To obtain reliable paleodietary information from fossil bone, Sillen (1986) 
proposed solubility profiling, a process designed to remove soluble diagenetic apatite.  Solubility 
profiles are constructed from a series of 24 washes of ground bone powder in 100mM sodium 
acetate buffered acetic acid solution (pH = 4.5), with the supernatant from each wash analyzed 
for trace elements (Sillen, 1986).  However, this complex process does not always return primary  54
paleodietary information that may have been completely obscured by fossilization (Sponheimer 
et al., 2005). 
With increasing awareness of the susceptibility of bone to diagenetic alteration, trace 
element analyses of enamel bioapatite are becoming more routine, and more reliable (Lee-Thorp, 
2003; Sponheimer et al., 2005; Sponheimer and Lee-Thorp, 2006).  However, fossil enamel has 
also been shown to have elevated REE, Pb, and U concentrations, despite being considered 
generally more resistant to alteration than bone (Trueman and Tuross, 2002).  In assessing 
enamel bioapatite for potential diagenetic alteration, it has been suggested that concentrations of 
REE greater than 1ppm indicate alteration of the biogenic signal (Trueman and Tuross, 2002).  
However, in some cases, elevated REE concentrations do not entirely preclude the use of alkali 
earth elements for distinguishing trophic position and feeding strategies in fossil enamel 
(Sponheimer and Lee-Thorp, 2006). 
!
4.3 Objective 
 The objective of this project is to determine if dietary information can be determined, and 
distinguished from diagenetic effects, in trace element ratios from fossil enamel, using a 
selection of mammalian fossils from the Pliocene Hadar and Busidima formations. 
!
4.4 Methods 
4.4.1 Collection of tooth enamel 
Enamel powders were collected from fossil mammal teeth covering a range of species 
using a Dremel® Stylus™ rotary drill equipped with a diamond drill bit.  Fossil samples from  55
the Pliocene Hadar and Busidima formations were drilled at the National Museum of Ethiopia.  
Fossil teeth were abraded to remove secondary carbonate, sediment, and a thin layer of enamel 
prior to collecting enamel for analysis. 
!
4.4.2 Preparation of enamel powders for trace element and stable isotope analysis 
Enamel bioapatite was prepared for carbonate analysis following a modified method 
based on Lee-Thorp and van der Merwe (1987)and Koch et al. (1997).  Approximately 5 mg of 
enamel powder was soaked for 1 hour in 0.5 mL of 1.0 M Ca-acetate buffered acetic acid 
(pH~4.5) in microcentrifuge vials.  After soaking, samples were centrifuged and the supernatant 
removed.  The enamel powders were then rinsed 5 times using Milli-Q water and then placed in 
uncapped vials in a 60°C oven to dry.  
!
4.4.2.1 HF:HNO3 Digestion 
Enamel Samples 
 Two mg of pretreated enamel powder was weighed into 5 mL Teflon containers.  Samples 
were digested in a 1 mL solution of 1:4 HF:HNO3 on a hot plate at 80-90°C.  After 2 hours the 
caps were removed and the solution left to dry to hardness.  0.5 mL concentrated HNO3 was 
added to the dried sample, the containers capped and held on the hot plate.  After 30 minutes the 
containers were uncapped and allowed to dry to hardness. 
 Samples were diluted 5000 times by adding 10 ml of solution to the dry samples 
according to the following procedure: 
• Add 2 mL of 2% HNO3 to the Teflon containers to pick up the dry sample.  56
• Swirl the solution and pour into pre-weighed 15 mL centrifuge tubes. 
• Rinse the containers twice with 2 mL of 2% HNO3 with caps on to dissolve all residue. 
• Rinse once more with 1 mL of 2% HNO3. 
• Add 2 mL of 10 ppb In + Ge in 2% HNO3 spike. 
• Bring samples up to 10 mL, by weight, with 2% HNO3 (assume 1 mL of 2% HNO3 is 
approximately 1 g). 
!
Quality Control and Drift Standards 
 To assess the success of digestion and analysis certified reference standards were digested 
and analyzed with the enamel samples.  The reference standards used were JLS-1, DC73306, 
NIST 1486, and NIST 120c.  An internal shark apatite standard was used to monitor any drift in 
running conditions. 
 Six mg of each standard was weighed into Teflon containers.  These were digested in 3 
mL solution of 1:4 HF:HNO3 on a hot plate at 80-90°C.  After 2 hours the caps were removed 
and the solution left to dry to hardness.  1.5 mL concentrated HNO3 was added to the dried 
sample, the containers capped and held on the hot plate.  After 30 minutes the containers were 
uncapped and allowed to dry to harness. 
Samples were diluted 5000 times by adding 30 ml of solution to the dry samples according to 
the following procedure: 
• Add 2 mL of 2% HNO3 to the Teflon containers to pick up the dry sample. 
• Swirl the solution and pour into pre-weighed 50 mL centrifuge tubes. 
• Rinse the containers twice with 6 mL of 2% HNO3 with caps on to dissolve all residue.  57
• Rinse once more with 3 mL of 2% HNO3. 
• Add 3 mL of 10 ppb In + Ge in 2% HNO3 spike. 
• Bring samples up to 30 mL, by weight, with 2% HNO3 (assume 1 mL of 2% HNO3 is 
approximately 1 g). 
!
4.4.2.2 Preparation of calibration standards 
Matrix matching stock solutions 
 Powdered CaCO3 (0.2000 ± 0.0010 g) and P2O5 (0.1000 ± 0.0010 g) were weighed into 
20 mL Teflon containers.  Powders were digested in 1 mL HF and 4 mL concentrated HNO3 for 2 
hours on a hot plate at 80-90°C.  Containers were uncapped and the solution left to dry to 
hardness.  5 mL of concentrated HNO3 was added to the dried residue, the containers were 
capped and held on the hot plate for 30 minutes.  After 30 minutes the containers were uncapped 
and the solution left to dry to hardness. 
 The matrix matching stock solution (MMSS) was diluted 500 times according to the 
following procedure: 
• Add 10 mL of 2% HNO3 to re-dissolve the dry residue. 
• Swirl the solution and pour into a pre-weighed 125 mL HDPE bottle. 
• Rinse Teflon containers 3 times with 10 mL 2% HNO3. 
• Rinse Teflon cap 3 times with 5 mL 2% HNO3, cap should be tightened onto the 
container and swirled each time. 
• Add 1 mL of 10 ppm In solution 
• Fill to 100 mL with 2% HNO3 by weight.  58
This results in a solution containing 800 ppm Ca, 440 ppm P and 0.1 ppm In. 
!
Trace element intermediate stock solutions 
 A set of intermediate solutions (TESS) containing the analytes of interest was created 
from 1000 ppm stock solutions of each element using the following procedure: 
• Add 1 mL each of high abundance elements to 50 mL of 2% HNO3 to form a 20 ppm 
solution.  High abundance elements of interest are Sr and Ba. 
• Add 0.5 mL each of moderately abundant elements to 50 mL of 2% HNO3 to form a 10 
ppm solution.  Moderately abundant elements of interest are Si, Na, K, Al, Zn, Mn, and 
Ti. 
• Add 0.1 mL each of low abundance elements to 50 mL of 2% HNO3 to form a 2 ppm 
solution.  Low abundance elements of interest are La, Ce, Nd, Sm, Yb, and Pb. 
  
Ca and P calibration standards 
 To calibrate Ca and P it was necessary to create a set of Ca and P standards of 100, 40, 
20, and 2 ppm from 1000 ppm stock solutions using the following procedure: 
• Add 5 (2, 1, 0.1) mL of each stock solution to a 50 mL centrifuge tube. 
• Add 5 mL of In from a 100 ppb stock solution - to make a concentration of 10 ppb In. 
• Dilute to 50 mL in 2% HNO3. 
!
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Trace element calibration standards 
 To calibrate the trace elements a set of 4 standards was created from the TESS and 
MMSS for high abundance elements, moderately abundant elements, and low abundance 
elements. 
 The standards were created using the following procedure: 
• Add 5 mL of MMSS to 4 50 mL centrifuge tubes. 
• For the first standard add 1 mL of each TESS. 
• Add 0.5 mL of each TESS to the second standard. 
• Add 0.1 mL of each TESS to the third standard. 
• Add 0.02 mL of each TESS to the fourth standard. 
• Dilute each standard to 50 mL with 2% HNO3. 
This results in trace element standards with the following concentrations: 
Table 4.1 Concentrations of trace element calibration standards. 
!
!
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20 ppm TESS 10 ppm TESS 2 ppm TESS
1 mL 400 ppb 200 ppb 40 ppb
0.5 mL 200 ppb 100 ppb 20 ppb
0.1 mL 40 ppb 20 ppb 4 ppb
0.02 mL 8 ppb 4 ppb 0.8 ppb
4.4.3 Analytical Procedures 
4.4.3.1 Analysis of trace elements 
 The resulting solutions were analyzed on a Perkin-Elmer Elan DRC II ICP-MS in the 
School of Geosciences at the University of South Florida.  Trace elements analyzed include P, 
Ca, Zn, Sr, Ba, Mn, Pb, and the REE La, Ce, Nd, Yb.  Ratios of trace elements of interest are 
reported relative to calcium as Sr/Ca*1000. 
!
4.4.3.2 Analysis of the carbon isotopic composition of enamel bioapatite 
The stable carbon isotopic compositions of the sampled enamel powders were analyzed at 
the University of South Florida Stable Isotope Lab housed in the School of Geosciences.  After 
pretreatment, 2 mg of enamel powders were weighed into 4.5 mL borosilicate Labco Exetainer® 
vials.  The exetainers were flushed with helium gas and dissolved in 103% phosphoric acid at 
25°C for 24 hours to produce a mixture of 0.3% CO2 in He. 
The isotopic composition of the CO2 produced from the enamel powders were analyzed 
on a Thermo Delta V 3 keV Isotope Ratio Mass Spectrometer (IRMS) equipped with a Thermo 
Gasbench II device and GCPal autosampler at the USF Stable Isotope Lab.  Standards used for 
the analysis of tooth enamel carbonate were NBS-18 and Carrara, an in-house carbonate standard 
similar to NBS-19 calibrated to the V-PDB scale.  δ13C values are reported with 0.1‰ precision. 
!
4.4.4 Statistical Methods 
 Statistical analyses and figures were completed in Matlab v. 2013a (8.1.0.604).  Median 
trace element concentrations and ratios were compared using two-sided Mann-Whitney U-tests.   61
Since most of the sampled taxa have a small sample size (n < 10), I chose a more conservative 
non-parametric statistical test because the structure of the sampling distribution is unknown. 
!
4.5 Results 
 Trace element concentrations and ratios were obtained for a variety of taxa from the 
Pliocene Hadar and Busidima formations.  Median concentrations of analyzed elements are 
reported in Table 4.2 (see pages 63-64), with concentrations for individual samples reported in 
Table A1.  Ca, Sr, Ba, and Zn show distinct differences between taxa while Mn and Pb have 
limited variability (Figures 4.2 – 4.7; see pages 65-67).  P-values from Mann-Whitney U-test 
comparisons of elemental concentrations by taxon are reported in Table A2 – A7.  P-values less 
than 0.05 indicate that the medians of the compared taxa are different at a 95% confidence level.  
Most samples do exhibit REE concentrations greater than 1 ppm and, notably, Ce seems to be the 
most concentrated (Table 4.2, Table A1). 
 Median δ13C values and Sr/Ca, Ba/Ca, and Zn/Ca ratios are reported in Table 4.3 (see 
pages 68-69), with individual ratios reported in Table A7 (Figures 4.8 – 4.10; see pages 70-71).  
P-values from Mann-Whitney rank-sum comparisons of elemental ratios by taxon are reported in 
Table A9-A11. 
!
4.5.2 Diagenetic alteration 
 Samples from the Hadar and Busidima formations have REE concentrations, notably Ce 
and Nd, elevated relative to modern bioapatite (REE ≤ 1ppm) (Table 4.2).  The concentration of 
Mn in these samples is elevated relative to modern bioapatite (Table 4.4; see page 72).  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Table 4.2. Average and median elemental concentrations for taxa from the Hadar and Busidima formations. 	  
Taxon/Tribe 31P (x 103 
ppm) 
43Ca (x 103 
ppm) 
55Mn 
(ppm) 
66Zn 
(ppm) 
88Sr 
(ppm) 
138Ba 
(ppm) 
139La 
(ppm) 
140Ce 
(ppm) 
142Nd 
(ppm) 
174Yb 
(ppm) 
208Pb 
(ppm) 
Giraffidae (n = 11) 
           
 
Mean 181.6 374.6 547.9 244.9 438.2 49.8 28.0 50.5 38.2 4.4 1.8 
 
1-σ 28.5 51.9 580.2 98.9 164.4 22.5 20.8 47.4 26.1 4.2 0.9 
 
Median 200.2 404.4 361.2 229.8 383.7 42.0 22.9 27.2 35.5 2.6 1.6 
Elephantidae (n = 6) 
           
 
Mean 154.5 326.9 560.7 306.7 492.6 82.9 -0.1 6.1 2.6 0.4 1.7 
 
1-σ 14.9 32.3 214.0 63.7 70.5 27.6 5.3 6.5 2.7 0.4 0.9 
 
Median 153.4 323.5 490.1 325.5 513.3 79.4 -2.3 3.4 1.5 0.2 1.5 
Eurygnathohippus (n = 8) 
           
 
Mean 180.4 375.6 1318.0 156.5 502.4 104.2 290.4 538.2 49.6 23.7 4.6 
 
1-σ 14.3 29.4 577.8 38.5 55.4 41.7 433.4 788.6 53.3 26.1 2.4 
 
Median 178.9 376.9 1305.9 148.2 490.7 106.3 72.6 136.1 32.5 11.5 4.9 
Aepycerotini (n = 4) 
           
 
Mean 168.0 356.1 738.3 398.8 393.9 120.4 43.6 94.3 44.7 6.3 2.7 
 
1-σ 12.8 32.8 259.0 110.2 111.9 42.0 45.1 73.6 34.2 6.7 0.6 
 
Median 168.3 355.6 745.5 414.7 408.9 137.7 23.5 59.8 29.3 3.8 2.6 
Alcelaphini (n = 5) 
           
 
Mean 168.9 353.4 494.3 274.2 379.4 77.8 27.6 59.7 31.5 3.3 1.8 
 
1-σ 12.1 22.2 156.9 13.3 37.3 24.6 19.6 46.0 18.1 2.1 0.3 
 
Median 164.4 343.7 529.3 271.3 376.6 69.7 21.1 42.9 26.2 2.7 1.7 
Bovini (n = 4) 
           
 
Mean 154.9 324.3 595.9 285.7 274.7 96.0 30.7 69.1 37.3 5.7 2.5 
 
1-σ 12.4 27.3 180.6 27.9 24.3 25.7 12.8 29.6 15.0 3.1 1.2 
 
Median 156.0 327.1 562.3 279.0 271.9 90.1 35.2 81.9 42.4 6.9 2.6 
Tragelaphini (n = 4) 
           
 
Mean 147.7 316.6 593.5 277.6 412.6 434.9 40.2 117.2 47.6 4.4 2.5 
 
1-σ 5.2 11.3 203.4 72.1 116.8 708.3 58.8 188.9 68.8 6.4 1.2 
 
Median 148.8 321.4 521.6 276.8 411.1 85.0 18.2 33.0 19.3 1.9 2.0 
Kolpochoerus (n = 8) 
           
 
Mean 180.6 374.3 698.6 195.8 451.1 939.8 558.5 116.5 773.0 19.6 3.1 
 
1-σ 19.1 36.7 423.8 71.0 206.1 2213.1 1354.7 140.0 1950.6 35.5 1.0 
 
Median 182.7 375.0 590.8 170.3 390.0 67.5 72.0 44.5 70.0 5.3 3.0 
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Table 4.2 cont. Average and median elemental concentrations for taxa from the Hadar and Busidima formations. 	  
Taxon/Tribe 31P (x 103 
ppm) 
43Ca (x 103 
ppm) 
55Mn 
(ppm) 
66Zn 
(ppm) 
88Sr 
(ppm) 
138Ba 
(ppm) 
139La 
(ppm) 
140Ce 
(ppm) 
142Nd 
(ppm) 
174Yb 
(ppm) 
208Pb 
(ppm) 
Notochoerus (n = 8) 
           
 
Mean 171.9 359.0 694.0 256.9 352.2 63.9 21.5 47.8 24.0 3.1 2.6 
 
1-σ 23.2 49.8 235.9 83.3 62.8 22.8 21.4 41.4 21.4 2.6 1.2 
 
Median 175.7 364.1 636.2 236.7 359.3 60.4 15.5 32.5 16.9 2.7 2.1 
Nyanzochoerus (n = 5) 
           
 
Mean 160.1 348.9 1229.7 347.3 685.1 171.3 105.9 175.9 93.1 5.1 2.5 
 
1-σ 14.2 23.5 1078.1 46.8 189.3 90.5 178.3 281.9 154.7 7.8 1.3 
 
Median 155.7 336.3 800.5 335.3 661.5 128.2 20.2 40.3 24.4 2.1 2.2 
Metridiochoerus (n = 4) 
           
 
Mean 180.3 375.3 715.4 209.6 438.3 62.6 110.1 79.2 124.1 10.5 3.2 
 
1-σ 6.0 8.5 522.4 97.7 88.8 31.6 122.7 81.3 145.3 8.5 1.1 
 
Median 178.3 372.9 724.0 187.5 472.7 49.6 67.1 61.3 75.5 10.1 3.5 
Hippopotamidae (n = 3) 
           
 
Mean 156.5 328.3 630.3 360.4 284.9 65.6 14.8 36.6 20.2 3.6 1.9 
 
1-σ 7.1 17.6 108.5 54.4 2.6 17.0 15.1 31.9 16.6 3.6 0.6 
 
Median 156.5 328.9 606.8 331.6 283.7 69.8 17.2 36.3 22.6 2.6 1.7 
Parapapio (n = 6) 
           
 
Mean 187.2 360.4 518.3 442.9 286.8 107.4 75.2 536.4 0.7 9.3 4.2 
 
1-σ 40.1 29.1 230.7 150.5 49.0 98.1 145.0 1169.7 85.3 15.7 1.5 
 
Median 177.8 362.5 472.8 463.0 285.7 67.9 20.4 57.7 19.1 2.8 4.1 
Theropithecus (n = 8) 
           
 
Mean 190.4 390.7 912.2 581.7 356.9 147.0 51.7 58.9 73.4 5.9 5.7 
 
1-σ 67.8 131.6 1075.1 306.5 80.0 124.4 54.8 46.6 75.2 5.2 2.2 
 
Median 172.2 353.3 601.6 528.3 362.6 102.7 32.7 55.8 40.9 3.7 6.1 
 
Figure 4.2 Box and whisker plots of Ca concentration organized by taxon for the Hadar and 
Busidima formations. 
Figure 4.3 Box and whisker plots of Sr concentration organized by taxon for the Hadar and 
Busidima formations.  65
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Figure 4.4 Box and whisker plots of Ba concentration organized by taxon for the Hadar and 
Busidima formations. 
Figure 4.5 Box and whisker plots of Zn concentration organized by taxon for the Hadar and 
Busidima formations.  66
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Figure 4.6 Box and whisker plots of Mn concentration organized by taxon for the Hadar and 
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Figure 4.7 Box and whisker plots of Pb concentration organized by taxon for the Hadar and 
Busidima formations.  67
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Table 4.3.  Average and median δ13C, Ba/Ca, Sr/Ca, and Zn/Ca ratios 
summarized by taxa for the Hadar and Busidima formations. 	  
Taxon/Tribe δ13C 
(V-PDB) 
Ba/Ca Sr/Ca Zn/Ca 
Giraffidae (n = 11) 
    
 
Mean° -11.1 0.14 1.19 0.67 
 
1-σ 1.2 0.07 0.47 0.29 
 
Median -10.8 0.10 0.98 0.70 
      Elephantidae (n = 6) 
    
 
Mean -1.0 0.25 1.50 0.93 
 
1-σ 1.6 0.07 0.14 0.15 
 
Median -0.1 0.26 1.48 0.97 
      Eurygnathohippus (n = 8) 
    
 
Mean -1.1 0.29 1.34 0.42 
 
1-σ 0.7 0.14 0.15 0.12 
 
Median -1.5 0.28 1.31 0.36 
      Aepycerotini (n = 4) 
    
 
Mean -3.4 0.34 1.09 1.13 
 
1-σ 2.8 0.11 0.24 0.33 
 
Median -2.2 0.37 1.16 1.26 
      Alcelaphini (n = 5) 
    
 
Mean -1.3 0.22 1.07 0.78 
 
1-σ 2.6 0.06 0.10 0.06 
 
Median -2.0 0.19 1.10 0.78 
      Bovini (n = 4) 
    
 
Mean -4.4 0.30 0.85 0.89 
 
1-σ 1.2 0.10 0.03 0.11 
 
Median -4.7 0.26 0.86 0.89 
      Tragelaphini (n = 4) 
    
 
Mean° -5.0 1.35 1.30 0.88 
 
1-σ 5.4 2.18 0.33 0.25 
 
Median -3.8 0.27 1.28 0.86 
 
°Average of one elemental ratio is skewed by an outlier. 
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Table 4.2 cont.  Average and median δ13C, Ba/Ca, Sr/Ca, and Zn/Ca ratios 
summarized by taxa for the Hadar and Busidima formations. 	  
Taxon/Tribe δ13C 
(V-PDB) 
Ba/Ca Sr/Ca Zn/Ca 
Kolpochoerus (n = 8) 
    
 
Mean° -3.0 2.93 1.20 0.53 
 
1-σ 3.3 7.05 0.50 0.22 
 
Median -2.7 0.19 1.09 0.49 
     
Notochoerus (n = 8) 
    
 
Mean -2.1 0.18 0.99 0.75 
 
1-σ 1.3 0.06 0.17 0.34 
 
Median -1.7 0.19 0.98 0.65 
      Nyanzochoerus (n = 5) 
    
 
Mean -3.6 0.49 1.97 1.00 
 
1-σ 1.5 0.27 0.58 0.19 
 
Median -3.1 0.35 1.77 0.95 
      Metridiochoerus (n = 4) 
    
 
Mean -0.7 0.17 1.17 0.56 
 
1-σ 2.3 0.09 0.25 0.27 
 
Median -1.0 0.13 1.28 0.49 
      Hippopotamidae (n = 3) 
    
 
Mean -5.4 0.20 0.87 1.09 
 
1-σ 4.8 0.06 0.05 0.11 
 
Median -5.2 0.21 0.86 1.05 
      Parapapio (n = 6) 
    
 
Mean -8.3 0.29 0.80 1.21 
 
1-σ 1.8 0.25 0.12 0.35 
 
Median -9.1 0.19 0.83 1.21 
      Theropithecus (n = 8) 
    
 
Mean -3.5 0.40 0.94 1.48 
 
1-σ 2.5 0.39 0.19 0.59 
 
Median -4.3 0.29 0.98 1.44 
 
°Average of one elemental ratio is skewed by an outlier. 
Figure 4.8 Box and whisker plots of Ba/Ca ratios organized by taxon for the Hadar and 
Busidima formations. 
Figure 4.9 Box and whisker plots of Sr/Ca ratios organized by taxon for the Hadar and Busidima 
formations.  70
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Figure 4.10 Box and whisker plots of Zn/Ca ratios organized by taxon for the Hadar and 
Busidima formations. !
Aside from distinct outliers, Ca, Sr, Ba, and Zn are within the concentration range of fresh 
bioapatite.  However a sample with a high Ba concentration may not, necessarily, have elevated 
Sr or Zn concentrations (Table 4.2).  For most taxa the median and mean elemental ratios are 
similar.  Taxa that have a positive skew to their distribution have means that are biased by high 
Sr/Ca or Ba/Ca ratios. 
!
4.5.3 A comparison of taxa from both the Hadar and Busidima formations 
 The sampled individuals from the Busidima Formation comprise a limited number of 
taxa, which include Giraffa, Kolpochoerus, Metridiochoerus, and Theropithecus. These taxa 
were therefore used for a comparison between the Hadar and Busidima formations to test the 
hypothesis that differences in fossil preservation and diagenesis between the two formations   71
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Table 4.4 Concentration of selected elements in modern enamel bioapatite. 
Table modified from Kohn et al. (1999) with additional information from Kohn et al. 
(2012). !
leads to differences in elemental ratios. Mann-Whitney U-tests indicate that Sr/Ca, Ba/Ca, and 
Zn/Ca ratios for Giraffa, Kolpochoerus, and Theropithecus differ only slightly between the two 
formations (Figure 4.11a-c).  The Ba/Ca ratios for giraffidae are lower in the Busidima 
Formation compared to the Hadar Formation (p = 0.01), while Sr/Ca and Zn/Ca are not 
significantly different (p = 0.63 and p = 0.19, respectively).  Kolpochoerous does not differ in Sr/
Ca, Ba/Ca, and Zn/Ca ratios between the Hadar and Busidima Formation (p = 0.14, p = 0.39, and 
p = 0.39, respectively).  Theropithecus differs only in Sr/Ca ratios (p = 0.04), while Ba/Ca and 
Zn/Ca ratios are indistinguishable (p = 1.0, for both).  Since the sample size of each taxon from 
the Busidima Formation is small, it is difficult to draw meaningful comparisons.  Based on these 
results, I chose to combine these taxa with their counterparts from the Hadar Formation for the 
purposes of later comparisons.  This may slightly bias Ba/Ca ratios for giraffidae and Sr/Ca 
ratios for Theropithecus.  Note, however that Metridiochoerus is only sampled from the 
Busidima Formation and cannot be directly compared to samples from the Hadar Formation.  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Element Concentration 
(ppm)
Ca ~370,000
Zn 100s - 1000s
Sr 100s -1000
Ba 10s - 100s
REEs <1
Pb 1 - 10s
P ~180,000
Mn 1 - 10s
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Figure	  4.11.	  	  Box	  and	  whisker	  plots	  comparing	  Sr/Ca,	  Ba/Ca,	  and	  Zn/Ca	  ratios	  for	  A)	  giraffidae,	  B)	  Kolpochoerus,	  and	  C)	  
Theropithecus	  between	  the	  Busidima	  and	  Hadar	  formations	  
4.5.4 A comparison of elemental ratios between end-member browsers and grazers 
Giraffidae is a dedicated browser (δ13C = 11.1‰ V-PDB) with Ba/Ca ratios significantly 
lower than the grazers, elephantidae (δ13C = 1.0‰ V-PDB) and Eurygnathohippus (δ13C = 1.1‰ 
V-PDB; p = 0.01, for both; Figure 4.8).  Likewise, the median Sr/Ca ratios for elephantidae and 
Eurygnathohippus are greater than the median value for giraffidae, despite being statistically 
insignificant (p = 0.12 and p = 0.40, respectively; Figure 4.9).  The median Sr/Ca ratio for 
Eurygnathohippus is lower than the median Sr/Ca ratio for elephantidae, however Sr 
concentrations for the two taxa are nearly identical (p = 0.85).  Unlike Ba/Ca and Sr/Ca, Zn/Ca 
ratios for Eurygnathohippus are significantly lower than the Zn/Ca ratios for elephantidae (p = 
0.001) and giraffidae (p = 0.02; Figure 4.10). 
!
4.5.5 A comparison of elemental ratios of sampled bovids 
Bovids analyzed from the Hadar Formation include aepycerotini (impala and allies), 
alcelaphini (gnu’s, wildebeest, and their allies), bovini (buffalo and allies), and tragelaphini 
(kudu and allies).  Alcelaphini is a grazing tribe (δ13C = 1.3‰ V-PDB), while aepycerotini (δ13C 
= 3.4‰ V-PDB), bovini (δ13C = -4.4‰ V-PDB), and tragelaphini (δ13C = -5.0‰ V-PDB) are 
mixed feeders. 
Although the average δ13C values for each bovid tribe indicate that each utilizes a range 
of plant resources, Ba/Ca ratios of each tribe are similar to each other (p ≥ 0.19) and to end-
member grazers, elephantide and Eurygnathohippus (p ≥ 0.17 and p ≥ 0.22, respectively, for each 
tribe; Figure 4.8).  The relationship between each tribe and end-member browsers and grazers for 
Sr/Ca ratios is more variable (Figure 4.9).  Only aepycerotini has Sr/Ca ratios similar to  74
Eurygnathohippus (p = 0.07), while the other tribes are significantly different from both 
elephantidae (p < 0.01) and Eurygnathohippus (p < 0.01).  Sr/Ca ratios do not vary significantly 
between bovid tribes; however, bovini has Sr/Ca ratios significantly different from both 
alcelaphini (p = 0.02) and tragelaphini (p = 0.03).  Zn/Ca ratios between bovid tribes are similar 
to each other and to elephantidae (p ≥ 0.08), while alcelaphini and bovini have Zn/Ca ratios 
greater than giraffidae (p = 0.04 and p = 0.02, respectively; Figure 4.10). 
!
4.5.6 A comparison of elemental ratios of sampled suids 
Suids analyzed from the Hadar Formation include Kolpochoerus, Notochoerus, and 
Nyanzochoerus.  Kolpochoerus (δ13C = 3.0‰ V-PDB), Notochoerus (δ13C = 2.1‰ V-PDB), and 
Nyanzochoerus (δ13C = 3.6‰ V-PDB) are mixed feeding taxa.  Kolpochoerus and Notochoerus 
have Ba/Ca ratios that are significantly different from Eurygnathohippus (p ≤ 0.05; Figure 4.8).  
Notochoerus has a Ba/Ca ratio that is significantly different from elephantidae (p = 0.04), while 
Kolpochoerus is only weakly similar (p = 0.06).  Unlike the other two suids from the Hadar 
Formation, Nyanzochoerus has Ba/Ca ratios similar to the end-member grazers, elephantidae and 
Eurygnathohippus (p ≥ 0.06) while being significantly different from giraffidae (p ≤ 0.01).  Sr/
Ca ratios for Kolpochoerus and Notochoerus are not significantly different from most of the 
sampled taxa, although Notochoerus does have lower Sr/Ca ratios than both end-member grazers 
(p < 0.01).  Nyanzochoerus has higher Sr/Ca ratios than the majority of the sampled taxa (Figure 
4.9).  Nyanzochoerus also has higher Zn/Ca ratios than the majority of the sampled taxa, while 
Kolpochoerus has low Zn/Ca ratios similar to Eurygnathohippus (p = 0.33), whereas 
Notochoerus has Zn/Ca ratios similar to the majority of the sampled taxa (Figure 4.10).   75
Metridiochoerus, sampled only from the Busidima Formation, is a grazing taxon (δ13C = 
0.7‰ V-PDB). Metridiochoerus is similar to Kolpochoerus in terms of Ba/Ca (p = 1.0), Sr/Ca (p 
= 1.0), and Zn/Ca (p = 0.80) ratios (Figures 4.8-4.10). 
!
4.5.7 A comparison of elemental ratios of sampled primates 
Two primate taxa were sampled from the Hadar and Busidima formations: Theropithecus, 
the unique grass-eating primate (δ13C = 3.5‰ V-PDB) and Parapapio, more of a mixed feeder 
(δ13C = 8.3‰ V-PDB).  Ba/Ca ratios for both primates cover a similar range although Parapapio 
has a lower median value than Theropithecus (Figure 4.8).   Both have Ba/Ca ratios similar to 
end-member grazers (p ≥ 0.57).  Although not significant, Parapapio has lower Sr/Ca ratios than 
Theropithecus (p = 0.10; Figure 4.9).  Sr/Ca ratios for Theropithecus are similar to those of the 
bovids but are significantly different than elephantidae and Eurygnathohippus (p < 0.01).  Both 
Parapapio and Theropithecus have Zn/Ca ratios that occupy a large range and have higher 
medians than most of the other sampled taxa (Figure 4.10).  
!
4.5.8 A comparison of elemental ratios of hippopotamidae 
Hippopotamidae (δ13C = 5.4‰ V-PDB) occupies a mixed feeding niche in terms of 
carbon isotopic composition.  Ba/Ca ratios for hippopotamidae are not significantly different 
from any of the other sampled taxa from the Hadar and Busidima formations, although they are 
most similar to alcelaphini (p = 1.0), the suids (p ≥ 0.38), excluding a weak similarity to 
Nyanzochoerus (p = 0.07), and Parapapio (p = 0.38; Figure 4.8).  Sr/Ca ratios for 
hippopotamidae are significantly different than the end-member grazers (p < 0.01), although Sr/ 76
Ca ratios are most similar to bovini (p = 0.86) and Parapapio (p = 0.71; Figure 4.9).  Like 
Parapapio and Theropithecus, hippopotamidae also has higher median Zn/Ca ratios than most of 
the other sampled taxa (Figure 4.10; Table 4.3). 
!
4.6 Discussion 
4.6.1 Diagenetic alteration 
 Trace element concentrations suggest that many specimens from the Hadar and Busidima 
formations have undergone clear, but potentially limited diagenetic alteration, which has 
apparently not obscured all primary biogenic paleodietary patterns.  When significant sample 
sizes (n > 5) are used for comparisons, ratios of Sr, Ba, and Zn relative to Ca may provide useful 
information to assess paleodietary patterns, despite evidence for diagenetic alteration of these 
ratios in some of the extreme outliers.  Taxa that have average elemental ratios biased by 
positively skewed outliers have median values that are more representative of in vivo 
relationships. 
Increased concentrations and limited variability in Mn between taxa with distinct feeding 
strategies suggest these elements may provide little paleodietary information.  Excess Mn is a 
classical indicator of biologically induced mineralization (Lowenstam, 1981).  Fossils collected 
from the Hadar and Busidima formations are often dark in color, which is frequently attributed, 
in the field, to mineralization with excess Mn.  Although diagenetic alteration of some elements 
within a given sample has occurred, this does not appear to have strongly affected paleodietary 
patterns of Ba/Ca, Sr/Ca, and Zn/Ca ratios.  
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4.6.2 Paleodietary patterns from Ba/Ca and Sr/Ca ratios of end-member browsing and 
grazing taxa 
For most end-member browsers and grazers, elemental ratios reflect the feeding strategies 
independently identified by stable carbon isotopic compositions, morphological details, and 
modern comparative taxa (Figure 4.12-4.13). 
Figure 4.12 δ13C values versus Ba/Ca ratios for end-member browsers and grazers.  Dashed line 
is arbitrarily added to show the general break in Ba/Ca ratios relative to δ13C values. !
The observed low median elemental ratios of giraffids from the Hadar and Busidima 
formations reflect a browsing feeding strategy, also demonstrated by δ13C values. Extant giraffids 
have a diet dominated by C3 vegetation, consuming deciduous foliage during the wet season and 
evergreen during the dry season (Kingdon, 1997; Cerling and Harris, 1999).  Low median Sr/Ca 
and Ba/Ca ratios for fossil giraffids suggest the consumption of foliage low in Sr and Ba, yet 
high in Ca (Runia, 1987), similar to the observed relationship of fossil giraffids from South  78
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Africa(Lee-Thorp, 2003; Sponheimer et al., 2005; Sponheimer and Lee-Thorp, 2006).  The wide 
range of variation in Sr/Ca ratios for giraffidae suggest three possible scenarios: 1) diagenetic 
alteration has increased the Sr concentration of some sampled individuals, 2) consumption of 
stem material could lead to higher Sr/Ca ratios (Runia, 1987; Sillen, 1988; Lee-Thorp, 2003), or 
3) δ13C values of some individuals reflect a C4 component to their diet, suggesting that 
consumption of C4 grasses with a high Sr concentration could contribute to variability (Figure 
4.13). 
Figure 4.13 δ13C values versus Ba/Ca ratios for end-member browsers and grazers. 
High Sr/Ca and Ba/Ca ratios for end-member grazers Eurygnathohippus and elephantidae 
from the Hadar Formation reflect a grazing feeding strategy, also confirmed by δ13C values.  
Extant African equids graze most available C4 grasses, with some species (Equus greyvi and 
Equus africanus) focusing on tough grasses neglected by other grazers (Bocherens et al., 1996;  79
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Kingdon, 1997).  Extant elephantids have adapted to a browsing feeding strategy, although some 
elephants have been observed consuming C4 grasses (Kingdon, 1997), while fossil elephants up 
to the Late Pleistocene have δ13C values indicative of C4 grazing (Cerling et al., 1999) 
 Elemental ratios for alcelaphini do not have as clear of a relationship with δ13C values as 
is the case for giraffidae, Eurygnathohippus, and elephantidae.  δ13C values suggest that 
alcelaphines from the Hadar Formation are grazers with a carbon isotopic composition similar to 
both Eurygnathohippus and elephantidae.  Extant East African alcelaphines are grazers 
consuming 92 to 100% C4 grasses (Cerling et al., 2003).  High Ba/Ca ratios do conform to the 
relationship observed for the other end-member grazers.  However, Sr/Ca ratios for alcelaphines 
are lower than both Eurygnathohippus and elephantidae, suggesting that even though 
alcelaphines are consuming C4 grasses, their choice of grasses may have different Sr 
concentrations. 
!
4.6.3 Paleodietary patterns from Ba/Ca ratios of mixed feeding taxa 
The relationship between Ba/Ca ratios and δ13C values for mixed feeders is less clear 
than for end-member browsers and grazers.  The mixed-feeding bovid tribes:  bovini, 
tragelaphini, and aepycerotini, have Ba/Ca ratios that suggest the consumption of vegetation high 
in Ba, similar to clear grazing end-members such as Eurygnathohippus, elephantidae, and 
alcelaphini.  Other than Nyanzochoerus, suids from the Hadar and Busidima formations have 
distinctly different Ba/Ca ratios from the bovids, regardless of similar δ13C values. 
Mixed feeding bovids have a wide range of dietary variability based on carbon isotopic 
compositions and observational studies, which is not reflected in Ba/Ca ratios.  Extant bovini and  80
aepycerotini consume a significant amount of C4 grass in their diets.  The extant East African 
bovine, Syncerus caffer, consumes, on average, about 52% C4 grasses (forest buffalo) and 88% 
C4 grasses (savannah buffalo; Cerling et al., 2003). The extant impala (Aepyceros melampus) 
consumes, on average, about 52% C4 vegetation and has been observed to graze during the rainy 
season and rely on browse during the dry season (Kingdon, 1971; Cerling et al., 2003).  The 
impala has also been observed to have a fruit component to its diet (Gagnon and Chew, 2000).  
Extant tragelaphines are primarily browsers, focusing on foliage, shrubs, herbs, and a limited 
amount of grass, with a stable carbon isotopic composition suggesting the consumption of 0-18% 
C4 vegetation (Kingdon, 1997; Cerling et al., 2003).  Despite this dietary variability observed in 
extant taxa, the similar Ba/Ca ratios between mixed feeding bovid tribes and end-member 
grazers, such as Eurygnathohippus, elephantidae, and alcelaphini, from the Hadar Formation 
suggest the consumption of Ba-rich vegetation. 
Ba/Ca ratios for suids from the Hadar and Busidima formations are unique relative to 
end-member browsers and grazers and to mixed feeding bovids. Ba/Ca ratios for Kolpochoerus 
and Notochoerus are low, similar to the end-member browser, giraffidae.  The low Ba/Ca ratios 
may reflect the primary consumption of foliage or potential omnivory.  Morphological studies 
suggest that Kolpochoerus is omnivorous, with teeth similar to the modern omnivorous suid, 
Potamochoerus although with some adaptations to the consumption of abrasive C4 grasses 
(Harris and Cerling, 2002).  Notochoerus is derived from the Nyanzochoerus lineage with tooth 
morphology that suggests adaptation to a grazing diet (Harris and Cerling, 2002).  Notochoerus, 
however, has Ba/Ca ratios that are more similar to Kolpochoerus, suggesting the consumption of 
food sources with similar Ba/Ca ratios.  Nyanzochoerus has also been interpreted as omnivorous  81
with tooth structure similar to Potamochoerus and Sus in addition to being adapted for grazing 
resources (Harris and Cerling, 2002).  The high Ba/Ca ratios of Nyanzochoerus from the Hadar 
Formation potentially indicate consumption of C4 grasses.  Metridiochoerus from the Busidima 
Formation has also been interpreted as omnivorous and consuming a substantial portion of C4 
vegetation (Harris and Cerling, 2002). 
Primates sampled from the Hadar Formation have unique Ba/Ca ratios that reflect 
distinctly different feeding strategies.  The data presented here indicate that Parapapio is 
consuming a diet with a wide range of Ba/Ca ratios with a median value similar to other 
omnivorous, or mixed feeding taxa such as Kolpochoerus, Notochoerus, and Metridiochoerus.  
This suggests that the majority of the sampled papionins have a feeding strategy more similar to 
the suids than to the grazing end-member taxa.  Ba/Ca ratios for Theropithecus suggest a diet 
with similar Ba/Ca ratios to the end-member grazers and mixed-feeding bovids. 
!
4.6.4 Paleodietary patterns from Sr/Ca ratios of mixed feeding taxa 
Sr/Ca ratios for mixed feeders are even less clearly linked to δ13C values, which indicate 
that variation in Sr/Ca ratios more strongly reflects differences in the Sr/Ca ratio of food sources 
(i.e. fruit or stems vs. foliage) with similar δ13C values.  Looking at Sr/Ca ratio variation between 
herbivorous taxa may elucidate signals related to frugivory, consumption of underground storage 
organs, or the consumption of stems over leaves.   
Like alcelaphini, the mixed feeding bovids, aside from tragelaphini, also have lower Sr/
Ca ratios than the end-member grazers, elephantidae and Eurygnathohippus.  The extremely low 
Sr/Ca ratios for bovini, which are similar to hippopotamidae, suggest adaptation to wet habitats  82
with low Sr/Ca ratios (Lee-Thorp, 2003).  Sr/Ca ratios of the Hadar Formation tragelaphines 
suggest this taxon has a variable diet, and could rely on the consumption of stem material (Runia, 
1987; Sillen, 1988; Lee-Thorp, 2003), despite observations of that extant tragelaphines consume 
a lot of foliage and herbaceous material (Kingdon, 1997). 
Sr/Ca ratios for suids from the Hadar and Busidima formations reflect variable feeding 
strategies between the suid genera.  Kolpochoerus, Notochoerus, and Metridiochoerus have 
similar Sr/Ca ratios, although Kolpochoerus has more variability than the other two genera.  This 
suggests that these genera are utilizing resources with similar Sr/Ca ratios.  Sr/Ca ratios for these 
suids are not significantly lower than the other taxa, suggesting that this ratio may not fully 
reflect omnivory, which may be a limited strategy, but could reflect the consumption of roots and 
rhizomes.  Nyanzochoerus, however, has higher Sr/Ca ratios than any of the sampled taxa, 
including end-member grazers, elephantidae and Eurygnathohippus, perhaps indicating the 
consumption of underground storage organs, which can lead to high Sr/Ca ratios (Lee-Thorp, 
2003).  
 Sr/Ca ratios for Theropithecus and Parapapio support distinct feeding strategies for each 
primate.  Theropithecus, the grass-eating baboon, has Sr/Ca ratios more similar to the bovid 
tribes, yet distinct from end-member grazers, elephantidae and Eurygnathohippus, suggesting a 
similar feeding strategy to the bovids.  Parapapio has low Sr/Ca ratios.  Fruit consumption has 
been shown to have high Sr/Ca ratios (Lee-Thorp, 2003), which suggests that Parapapio has a 
diet dominated by foliage with low Sr/Ca.  
!
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4.6.5 Paleodietary patterns from Zn/Ca ratios for all taxa 
Unlike Ba/Ca and Sr/Ca ratios, Zn/Ca ratios do not strongly reflect browser and grazer 
feeding strategies.  Although elephantidae and the bovids have Zn/Ca ratios that are higher than 
those of giraffidae, other taxa have relationships that do not reflect dietary patterns otherwise 
observed in δ13C values and Sr/Ca and Ba/Ca ratios.  Most notable is the dichotomous 
relationship between the Zn/Ca ratio of grazers Eurygnathohippus and elephantidae, which have 
similar for Sr/Ca and Ba/Ca ratios. Hippopotamidae, Parapapio, and Theropithecus also have 
high Zn/Ca ratios when they otherwise had Ba/Ca and Sr/Ca ratios lower than many of the other 
taxa.  This suggests that Zn/Ca ratios do not simply replicate browser-grazer relationships and 
that a feeding practice common to these primates is affecting Zn/Ca ratios. 
Better understanding the variability in Zn/Ca ratios in extant species will help to 
understand variability in fossil materials.  A recent study of modern fauna shows that Zn 
concentrations increase from herbivores to carnivores to omnivores, citing the ingestion of 
sediment during grooming as the main cause of increased concentrations (Kohn et al., 2012).  
Undertaking a similar study of modern fauna similar to the taxa from the Hadar and Busidima 
formations will help inform interpretations of the observed variability.  
!
4.7 Conclusions 
Since the majority of the sampled taxa are arid-adapted and the population is somewhat 
biased towards grazers, even within the mixed-feeders, it is difficult to measure significant 
differences between any but the end-member taxa.  However, the clearest relationships from 
mammals of the Hadar and Busidima formations are demonstrated by Ba/Ca ratios, which tend  84
to reflect browser-grazer relationships, otherwise documented by stable carbon isotopic 
compositions.  In addition, Sr/Ca and Zn/Ca ratios appear to reflect more complicated dietary 
variability with taxa that have similar δ13C values and Ba/Ca ratios having significantly different 
Sr/Ca and Zn/Ca ratios. 
This study highlights significant dietary variability in terms of trace element ratios within 
the broad distinction of herbivory that is otherwise not interpretable using stable carbon isotopic 
composition. These additional observations could therefore lead to the identification of different 
feeding strategies in the fossil record. For example, frugivory or the consumption of underground 
storage organs may be reflected in differences in trace element ratios between mixed feeder and 
omnivorous taxa.  To better understand this variability, a more thorough study needs to be 
undertaken that looks at fine-scale variation by taxon within a suite of organisms with diverse 
feeding strategies in a modern setting similar to the Hadar and Busidima formations. 
!
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Appendix 1:  Additional Tables 
 
 
 
Table A.1.  Trace element concentrations for individuals from the Hadar and Busidima Formations. 
 
Sample ID Location Strat. Unit Taxon 31P (ppm) 
43Ca 
(ppm) 
55Mn 
(ppm) 
66Zn 
(ppm) 
88Sr 
(ppm) 
138Ba 
(ppm) 
139La 
(ppm) 
140Ce 
(ppm) 
142Nd 
(ppm) 
174Yb 
(ppm) 
208Pb 
(ppm) 
MS-EN-06 Hadar Busidima Giraffa 201606.3 410479.7 107.6 80.9 615.5 34.3 42.6 9.5 48.6 4.8 1.3 
MS-EN-07 Hadar Busidima Giraffa 208550.3 421464.4 56.8 212.6 604.0 33.4 14.4 25.2 22.2 1.7 1.1 
MS-EN-10 Hadar Busidima Giraffa 207558.8 423701.8 138.1 301.5 383.7 32.9 22.9 4.9 21.0 1.3 0.7 
MS-EN-02 Hadar Denen Dora - 2 Giraffa 209379.3 424422.9 705.0 260.0 316.5 55.3 7.9 20.9 14.6 1.6 2.3 
MS-EN-05 Hadar Denen Dora - 2 Giraffa 200216.6 404419.5 731.5 194.4 314.1 42.0 10.9 27.2 17.6 2.5 1.6 
MS-EN-08 Hadar Denen Dora - 2 Giraffa 204070.3 417103.8 638.7 320.6 256.6 50.4 -0.9 8.5 4.0 0.4 1.9 
KR-EN-94 Hadar Denen Dora - 2 Giraffa 164739.4 353010.4 2130.8 184.1 751.3 94.0 63.4 110.0 66.6 14.7 3.9 
MS-EN-36 Hadar Kada Hadar - 2 Giraffa 139711.9 285728.8 205.7 204.5 279.9 26.1 21.2 46.8 35.5 2.6 1.6 
D-321 Dikika Sidi Hakoma Giraffidae 159442.7 331421.8 361.2 231.9 420.8 56.8 28.4 67.2 37.2 3.5 1.2 
D-79 Dikika Sidi Hakoma Giraffidae 164237.0 342393.2 355.1 473.8 334.7 34.9 38.2 86.3 64.1 7.2 1.5 
D-78 Dikika Sidi Hakoma Giraffidae 138594.9 306454.2 596.9 229.8 543.5 87.2 59.0 149.4 88.5 7.9 2.6 
               
D-2 Dikika Sidi Hakoma Elephantidae 174907.0 374300.6 886.9 330.1 536.9 130.1 9.9 16.1 5.9 1.1 1.5 
D-5 Dikika Sidi Hakoma Elephantidae 132154.2 276853.4 488.3 184.3 363.3 82.0 -1.4 5.1 2.2 0.3 0.6 
D-54 Dikika Sidi Hakoma Elephantidae 166040.8 345635.0 491.9 366.2 515.7 76.9 -3.2 1.7 0.8 0.1 1.0 
D-25 Dikika Upper Basal Elephantidae 146987.0 324417.6 730.3 320.8 510.9 76.1 1.5 12.0 6.2 0.8 2.5 
D-29 Dikika Upper Basal Elephantidae 152604.8 317691.9 485.8 300.4 467.8 87.8 -3.8 0.4 0.2 0.0 2.9 
D-50 Dikika 
 
Elephantidae 154199.2 322510.4 281.1 338.4 561.0 44.6 -3.6 1.1 0.6 0.0 1.5 
               
EW-EN-02 Hadar Denen Dora - 2 Eurygnathohippus 190481.2 391971. 1298.1 131.8 494.9 73.2 59.9 104.4 53.0 10.1 2.6 
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EW-EN-13 Hadar Denen Dora - 2 Eurygnathohippus 177666.9 371464.3 937.3 125.4 431.3 120.8 33.7 79.7 41.5 7.7 2.2 
EW-EN-18 Hadar Denen Dora - 2 Eurygnathohippus 180171.0 382331.4 2010.1 119.0 517.5 113.2 13.0 33.5 17.4 4.6 5.2 
MS-EN-11 Hadar Denen Dora - 2 Eurygnathohippus 207280.9 428187.0 523.7 164.6 525.0 44.6 5.9 20.7 10.1 1.2 1.7 
JW-EN-151 Hadar Denen Dora - 2 Eurygnathohippus 176266.6 367924.3 708.8 114.5 467.0 82.4 85.4 167.7 91.0 13.0 4.6 
EW-EN-12 Hadar Denen Dora - 2 Eurygnathohippus 171923.2 353486.2 1313.8 209.1 478.2 114.3 168.1 285.8 160.7 25.8 6.5 
EW-EN-04 Hadar Denen Dora - 2 Eurygnathohippus 157874.9 326896.2 1668.0 194.3 486.4 186.0 848.4 1727.6 23.4 71.6 8.8 
EW-EN-01 Hadar Denen Dora - 2 Eurygnathohippus 181594.4 382872.3 2084.6 193.6 618.9 99.5 1108.8 1886.1 -0.2 55.7 5.4 
               
D-272 Dikika Sidi Hakoma Aepycerotini 154453.7 324886.8 581.2 389.8 366.1 137.0 16.6 53.0 24.4 1.8 2.6 
D-291 Dikika Sidi Hakoma Aepycerotini 159850.9 330942.5 459.8 439.6 250.5 57.8 18.5 56.1 29.0 1.7 2.1 
D-355 Dikika Sidi Hakoma Aepycerotini 180677.6 388284.4 1002.3 252.1 507.5 148.5 110.8 204.5 95.8 16.0 2.7 
D-292 Dikika 
 
Aepycerotini 176835.3 380271.0 909.7 513.6 451.7 138.3 28.6 63.5 29.5 5.7 3.5 
               
D-18 Dikika Sidi Hakoma Alcelaphini 180279.1 376758.4 631.4 276.4 350.5 69.7 21.1 37.3 22.4 1.8 1.7 
D-36 Dikika Sidi Hakoma Alcelaphini 164411.3 343737.4 421.7 295.9 376.6 60.5 24.7 42.9 30.2 3.4 1.5 
D-55 Dikika Sidi Hakoma Alcelaphini 162363.8 335193.9 259.9 261.6 345.3 56.7 17.5 53.4 26.2 2.7 1.6 
D-57 Dikika Sidi Hakoma Alcelaphini 182641.5 377965.3 629.3 271.3 438.6 117.3 13.0 25.1 16.1 1.9 2.3 
D-20 Dikika Upper Basal Alcelaphini 154647.5 333526.1 529.3 265.8 386.0 84.7 61.8 139.9 62.6 6.9 2.0 
               
D-276 Dikika Sidi Hakoma Bovini 168677.0 354579.5 651.1 277.6 306.4 101.8 31.2 81.6 42.5 7.3 1.7 
D-303 Dikika Sidi Hakoma Bovini 154599.7 324559.5 473.4 259.7 277.1 78.4 40.0 87.5 49.1 6.4 1.3 
D-353 Dikika Sidi Hakoma Bovini 138734.5 288442.4 826.5 280.4 248.4 129.9 12.4 24.9 15.3 1.1 3.7 
D-59 Dikika Sidi Hakoma Bovini 157457.6 329697.7 432.8 325.2 266.7 73.9 39.3 82.2 42.3 7.8 3.5 
               
D-357 Dikika Sidi Hakoma Tragelaphini 140834.8 299988.1 449.8 351.4 292.6 87.6 -2.3 3.1 2.0 0.1 2.1 
D-112 Dikika Sidi Hakoma Tragelaphini 152570.2 323738.3 593.4 205.3 535.8 82.3 25.7 36.1 25.6 2.9 1.7 
D-45 Dikika Upper Basal Tragelaphini 146887.0 319130.8 449.6 227.2 335.8 72.4 10.6 29.9 12.9 0.9 1.9 
D-22-1 Dikika 
 
Tragelaphini 150626.5 323649.2 881.2 326.3 486.4 1497.2 126.6 399.8 149.9 13.8 4.2 
               
JW-EN-175 Hadar Busidima Kolpochoerus 178813.8 370582.0 210.1 115.9 716.1 67.2 98.8 16.3 78.4 5.6 2.8 
KR-EN-23 Hadar Busidima Kolpochoerus 176517.6 358297.9 604.6 260.9 376.1 67.7 269.3 41.7 250.8 26.6 1.9 
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EW-EN-46 Hadar Busidima Kolpochoerus 208935.6 431868.7 203.9 140.4 798.4 42.5 3904.6 398.3 5596.6 105.0 3.1 
MS-EN-43 Hadar Denen Dora - 2 Kolpochoerus 186626.7 379396.3 546.1 173.6 175.2 66.9 25.0 47.4 28.0 2.5 4.7 
KR-EN-25 Hadar Kada Hadar - 2 Kolpochoerus 190912.9 398425.4 977.1 236.4 396.7 101.5 16.4 29.9 22.9 1.7 2.8 
EW-EN-37 Hadar Kada Hadar - 2 Kolpochoerus 192760.2 399420.8 577.1 148.5 320.1 39.9 105.4 257.4 136.7 10.0 2.1 
JW-EN-160 Hadar Kada Hadar - 2 Kolpochoerus 163306.1 341732.9 1043.0 324.0 383.4 747.7 3.5 16.8 8.8 0.8 3.3 
JW-EN-170 Hadar Kada Hadar - 2 Kolpochoerus 146724.9 314738.5 1427.2 167.0 443.1 6384.5 45.3 124.1 61.6 5.1 4.3 
               
EW-EN-27 Hadar Denen Dora - 2 Notochoerus 176793.3 365351.2 1108.1 236.1 400.9 74.6 13.8 28.2 17.7 3.1 3.0 
EW-EN-33 Hadar Denen Dora - 2 Notochoerus 174668.8 362897.4 715.1 199.9 363.1 42.1 35.0 82.6 35.3 3.7 1.7 
EW-EN-39 Hadar Denen Dora - 2 Notochoerus 198116.4 418371.4 969.8 144.1 355.5 85.3 21.6 54.1 27.6 3.6 2.3 
EW-EN-44 Hadar Denen Dora - 2 Notochoerus 206150.0 425183.4 518.3 228.3 309.3 32.3 67.4 131.5 70.3 8.9 3.7 
D-10 Dikika Sidi Hakoma Notochoerus 147125.6 299902.1 488.5 361.0 288.8 55.4 0.0 4.3 1.7 0.3 1.8 
D-11 Dikika Sidi Hakoma Notochoerus 143791.6 302107.8 557.3 398.5 265.0 65.3 12.3 29.6 13.6 1.6 1.9 
D-12 Dikika Sidi Hakoma Notochoerus 150910.3 313672.9 472.9 237.3 378.4 54.6 4.5 16.6 9.3 1.4 4.7 
D-14 Dikika Sidi Hakoma Notochoerus 177618.9 384197.8 722.3 250.2 456.7 101.8 17.1 35.4 16.1 2.3 1.3 
               
D-256 Dikika Sidi Hakoma Nyanzochoerus 155718.4 336255.6 613.2 318.8 516.5 85.8 4.1 12.1 5.6 0.6 0.9 
D-359 Dikika Sidi Hakoma Nyanzochoerus 153509.9 329923.5 691.4 422.0 561.1 114.3 20.2 40.3 17.5 1.3 2.0 
D-259 Dikika Sidi Hakoma Nyanzochoerus 163880.0 355254.5 894.5 335.3 661.5 224.4 16.3 38.6 24.4 2.1 2.9 
D-203 Dikika Sidi Hakoma Nyanzochoerus 182444.1 387430.8 800.5 301.6 687.0 128.2 66.7 112.9 49.8 2.7 2.2 
D-205 Dikika 
 
Nyanzochoerus 145059.4 335882.1 3148.8 358.7 999.6 303.8 422.1 675.6 368.4 18.9 4.5 
               
EW-EN-31 Hadar Busidima Metridiochoerus 175402.1 368101.0 1236.9 337.7 461.7 109.5 19.1 6.5 12.0 2.2 4.2 
KR-EN-33 Hadar Busidima Metridiochoerus 178872.7 374697.7 366.0 125.6 500.7 52.9 36.1 28.3 41.8 4.3 1.7 
EW-EN-32 Hadar Busidima Metridiochoerus 189080.0 387329.8 1082.1 233.3 307.2 46.4 98.2 187.6 109.2 19.5 3.8 
JW-EN-157 Hadar Busidima Metridiochoerus 177719.5 371016.5 176.7 141.8 483.6 41.6 286.9 94.3 333.3 16.0 3.1 
               
D-31 Dikika Sidi Hakoma Hippopotamidae 149336.1 310413.8 748.5 326.4 287.9 80.1 28.5 68.6 35.4 7.6 2.5 
D-6 Dikika Sidi Hakoma Hippopotamidae 156518.9 328854.3 535.5 331.6 283.2 69.8 -1.4 4.8 2.5 0.7 1.4 
D-7 Dikika Sidi Hakoma Hippopotamidae 163581.3 345588.1 606.8 423.1 283.7 46.8 17.2 36.3 22.6 2.6 1.7 
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KR-EN-88 Hadar Kada Hadar - 2 Parapapio 177402.9 352585.5 262.0 288.8 227.3 28.9 0.6 11.4 8.3 0.8 4.2 
JW-EN-219 Hadar Kada Hadar - 2 Parapapio 265827.6 399187.1 329.0 544.2 261.0 292.1 -13.0 19.1 9.8 0.9 7.0 
JW-EN-220 Hadar Kada Hadar - 2 Parapapio 171649.1 358558.4 875.9 381.7 310.5 60.9 19.4 47.0 28.5 2.9 2.6 
JW-EN-221 Hadar Kada Hadar - 2 Parapapio 180525.1 374261.6 491.3 629.0 336.8 47.8 55.6 150.7 88.6 7.8 3.9 
KR-EN-101 Hadar Sidi Hakoma Parapapio 178236.9 366499.5 454.4 545.4 341.0 75.0 367.4 2921.8 -162.8 41.0 4.4 
KR-EN-103 Hadar Sidi Hakoma Parapapio 149649.4 311044.7 697.1 268.6 244.1 139.5 21.3 68.5 32.1 2.7 3.3 
               
JW-EN-212 Hadar Busidima Theropithecus 186791.1 377374.4 163.5 216.0 374.7 31.0 3.0 5.2 9.4 0.7 2.2 
KR-EN-71 Hadar Busidima Theropithecus 175780.6 358976.0 365.5 802.7 398.2 89.5 15.6 30.0 24.3 2.0 7.4 
KR-EN-72 Hadar Busidima Theropithecus 158163.4 337424.4 527.5 596.7 327.5 145.5 6.5 17.9 11.5 1.0 8.2 
JW-EN-209 Hadar Busidima Theropithecus 182057.8 365552.8 310.3 459.9 393.1 50.0 123.5 47.7 215.5 11.9 3.2 
JW-EN-216 Hadar Busidima Theropithecus 136959.3 299479.4 3493.5 325.7 350.5 396.5 148.2 69.9 154.4 12.5 5.9 
KR-EN-66 Hadar Denen Dora - 2 Theropithecus 160838.6 328116.0 675.8 733.2 212.6 80.4 23.9 63.9 32.1 2.6 6.4 
KR-EN-80 Hadar Denen Dora - 2 Theropithecus 168681.3 347536.0 900.6 366.9 309.4 115.9 41.5 83.4 49.7 4.7 4.8 
JW-EN-206 Hadar Sidi Hakoma Theropithecus 353753.7 710776.2 860.9 1152.2 489.2 267.2 51.7 153.5 90.2 11.6 7.6 
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Table A.2.  P-values obtained from a Mann-Whitney U-Test comparison of Ca concentrations between taxa from the Hadar and 
Busidima Formations.  Values in bold are significant at the 95% confidence level. 
 
 Giraffid
ae 
Elepha
ntidae 
Eurygnat
hohippus 
Aepyce
rotini 
Alcela
phini 
Bovini Tragela
phini 
Kolpoc
hoerus 
Notoch
oerus 
Nyanzoc
hoerus 
Metridioc
hoerus 
Hippopot
amidae 
Parapa
pio 
Therop
ithecus 
Giraffidae 
              Elephantidae 0.0782 
             Eurygnathohippus 0.9678 0.0127 
            Aepycerotini 0.3429 0.1143 0.4606 
           Alcelaphini 0.4409 0.1255 0.2222 1.0000 
          Bovini 0.1377 0.7619 0.0283 0.2000 0.1111 
         Tragelaphini 0.0557 0.6095 0.0040 0.0286 0.0159 0.3429 
        Kolpochoerus 0.8404 0.0593 1.0000 0.5697 0.2844 0.0485 0.0283 
       Notochoerus 0.4409 1.0000 0.3543 0.5556 0.6905 0.9048 1.0000 0.2844 
      Nyanzochoerus 0.3196 0.1775 0.2222 1.0000 1.0000 0.1111 0.0159 0.1709 0.5476 
     Metridiochoerus 0.8513 0.0381 1.0000 0.8857 0.4127 0.0286 0.0286 1.0000 0.5556 0.1905 
    Hippopotamidae 0.2253 1.0000 0.0485 0.4000 0.2500 1.0000 0.4000 0.0848 1.0000 0.2500 0.0571 
   Parapapio 0.5249 0.1797 0.3450 1.0000 0.7922 0.1143 0.0667 0.4908 0.6623 0.4286 0.2571 0.0952 
  Theropithecus 0.5448 0.1419 0.1949 0.9333 1.0000 0.1535 0.0485 0.3282 0.7242 0.7242 0.1535 0.2788 0.6620 
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Table A.3.  P-values obtained from a Mann-Whitney U-Test comparison of Ba concentrations between taxa from the Hadar and 
Busidima Formations.  Values in bold are significant at the 95% confidence level. 
 
 Giraffidae Elepha
ntidae 
Eurygnat
hohippus 
Aepyc
erotini 
Alcelap
hini 
Bovini Tragela
phini 
Kolpoc
hoerus 
Notoch
oerus 
Nyanzoc
hoerus 
Metridioc
hoerus 
Hippopot
amidae 
Parap
apio 
Therop
ithecus 
Giraffidae 
              Elephantidae 0.0365 
             Eurygnathohippus 0.0025 0.3450 
            Aepycerotini 0.0059 0.1714 0.3677 
           Alcelaphini 0.0380 0.6623 0.2844 0.1905 
          Bovini 0.0176 0.7619 0.9333 0.3429 0.2857 
         Tragelaphini 0.0879 1.0000 0.2788 0.4000 0.5714 0.6286 
        Kolpochoerus 0.1215 0.1320 0.0293 0.1143 0.4286 0.0381 0.1667 
       Notochoerus 0.3773 0.2468 0.0653 0.0635 0.2222 0.0635 0.2500 0.6623 
      Nyanzochoerus 0.0018 0.0519 0.1274 0.9048 0.0317 0.1905 0.0714 0.0087 0.0159 
     Metridiochoerus 0.4117 0.3524 0.1091 0.0571 0.1905 0.2000 0.4000 0.9143 0.7302 0.0317 
    Hippopotamidae 0.2912 0.3810 0.1333 0.2286 0.7857 0.2286 0.2000 0.5476 0.7857 0.0357 0.6286 
   Parapapio 0.1802 0.6991 0.5728 0.6095 1.0000 0.6095 0.7143 0.6991 0.6623 0.1775 0.4762 0.9048 
  Theropithecus 0.0328 0.3450 0.7984 0.8081 0.4351 0.6828 0.4970 0.1419 0.2222 0.5237 0.2141 0.1939 0.4136 
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Table A.4.  P-values obtained from a Mann-Whitney U-Test comparison of Sr concentrations between taxa from the Hadar and 
Busidima Formations.  Values in bold are significant at the 95% confidence level. 
 
 Giraffidae Elepha
ntidae 
Eurygnat
hohippus 
Aepyc
erotini 
Alcelap
hini 
Bovini Tragel
aphini 
Kolpoc
hoerus 
Notoch
oerus 
Nyanzoc
hoerus 
Metridio
choerus 
Hippopo
tamidae 
Parapa
pio 
Theropi
thecus 
Giraffidae 
            
    
Elephantidae 0.4623 
           
    
Eurygnathohippus 0.2375 0.8518 
          
    
Aepycerotini 0.7531 0.1143 0.1091 
         
    
Alcelaphini 1.0000 0.0303 0.0031 0.7302 
        
    
Bovini 0.0176 0.0095 0.0040 0.2000 0.0159 
       
    
Tragelaphini 0.9495 0.2571 0.4606 0.8857 1.0000 0.0571 
      
    
Kolpochoerus 0.7780 0.3450 0.1304 0.9333 0.6216 0.0485 0.9333 
     
    
Notochoerus 0.2674 0.0173 0.0031 0.7302 0.4206 0.1905 0.2857 0.2844 
    
    
Nyanzochoerus 0.0380 0.0173 0.0186 0.0159 0.0079 0.0159 0.0317 0.0932 0.0079 
   
    
Metridiochoerus 0.9495 0.1714 0.2828 0.6857 0.2857 0.0286 1.0000 0.6828 0.1111 0.0159 
  
    
Hippopotamidae 0.1264 0.0238 0.0121 0.4000 0.0357 0.4000 0.0571 0.0848 0.2500 0.0357 0.0571 
 
    
Parapapio 0.0477 0.0022 0.0007 0.1143 0.0043 0.9413 0.1714 0.0426 0.3290 0.0043 0.0667 1.0000     
Theropithecus 0.4920 0.0127 0.0019 0.5697 0.6216 0.0485 0.6828 0.3828 0.5237 0.0016 0.2828 0.0848 0.1079   
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Table A.5.  P-values obtained from a Mann-Whitney U-Test comparison of Zn concentrations between taxa from the Hadar and 
Busidima Formations.  Values in bold are significant at the 95% confidence level. 
 
 
Giraffidae 
Elepha
ntidae 
Eurygnat
hohippus 
Aepyc
erotini 
Alcela
phini Bovini 
Tragel
aphini 
Kolpoc
hoerus 
Notoch
oerus 
Nyanzo
choerus 
Metridio
choerus 
Hippopo
tamidae 
Parapa
pio 
Theropi
thecus 
Giraffidae 
              Elephantidae 0.5029 
             Eurygnathohippus 0.0197 0.0047 
            Aepycerotini 0.0560 0.1714 0.0040 
           Alcelaphini 0.2978 0.0823 0.0016 0.2857 
          Bovini 0.3292 0.2571 0.0040 0.3429 0.5556 
         Tragelaphini 0.6353 0.7619 0.0081 0.1143 1.0000 1.0000 
        Kolpochoerus 0.2003 0.0127 0.2786 0.0162 0.0295 0.0485 0.1091 
       Notochoerus 0.3316 0.9307 0.0016 0.1111 0.6905 0.7302 0.4127 0.0653 
      Nyanzochoerus 0.0432 0.5368 0.0016 0.4127 0.0079 0.0635 0.2857 0.0062 0.4206 
     Metridiochoerus 0.3719 0.1714 0.2828 0.0571 0.2857 0.3429 0.4857 1.0000 0.1905 0.1111 
    Hippopotamidae 0.0378 0.3810 0.0121 0.6286 0.0357 0.0571 0.2286 0.0121 0.3929 0.7857 0.2286 
   Parapapio 0.0577 0.2403 0.0007 0.6095 0.0519 0.1143 0.1143 0.0027 0.0823 0.5368 0.0381 0.7143 
  Theropithecus 0.0249 0.0734 0.0003 0.6485 0.0480 0.0727 0.1091 0.0022 0.1490 0.2020 0.0424 0.5167 0.7308 
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Table A.6.  P-values obtained from a Mann-Whitney U-Test comparison of Mn concentrations between taxa from the Hadar and 
Busidima Formations.  Values in bold are significant at the 95% confidence level. 
 
 Giraffidae Elephan
tidae 
Eurygnat
hohippus 
Aepyc
erotini 
Alcela
phini 
Bovini Tragel
aphini 
Kolpoc
hoerus 
Notoc
hoerus 
Nyanzo
choerus 
Metridio
choerus 
Hippopot
amidae 
Parapa
pio 
Theropi
thecus 
Giraffidae 
              Elephantidae 0.5744 
             Eurygnathohippus 0.0888 0.0207 
            Aepycerotini 0.5744 0.3910 0.0681 
           Alcelaphini 0.8245 0.1593 0.0640 0.9165 
          Bovini 0.8989 0.8035 0.0219 0.3241 0.0220 
         Tragelaphini 0.9385 0.6119 0.0090 0.0519 0.0656 0.7037 
        Kolpochoerus 0.9528 0.1087 0.9129 0.3967 0.3361 0.0156 0.0248 
       Notochoerus 0.8643 0.6217 0.3623 0.0966 0.7819 0.9803 0.6703 0.5824 
      Nyanzochoerus 0.2607 0.3244 0.2859 0.3192 0.8198 0.4695 0.0403 0.5445 0.8489 
     Metridiochoerus 0.6675 0.1247 0.3002 0.2867 0.3396 0.0642 0.0010 0.8109 0.0982 0.0013 
    Hippopotamidae 0.4763 0.9164 0.0624 0.2140 0.4054 0.8621 0.0706 0.2068 0.0701 0.2352 0.0096 
   Parapapio 0.9076 0.2088 0.3467 0.9818 0.8171 0.1476 0.1412 0.6327 0.6754 0.6810 0.4097 0.4942 
  Theropithecus 0.6784 0.2165 0.7564 0.3772 0.4083 0.3401 0.2516 0.7689 0.3851 0.3467 0.5029 0.3667 0.5137 
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Table A.7.  P-values obtained from a Mann-Whitney U-Test comparison of Pb concentrations between taxa from the Hadar and 
Busidima Formations.  Values in bold are significant at the 95% confidence level. 
 
 Giraffidae Elepha
ntidae 
Eurygnat
hohippus 
Aepyc
erotini 
Alcela
phini 
Bovini Tragel
aphini 
Kolpoc
hoerus 
Notoc
hoerus 
Nyanzo
choerus 
Metridio
choerus 
Hippopot
amidae 
Parapa
pio 
Theropi
thecus 
Giraffidae                             
Elephantidae 0.7889                           
Eurygnathohippus 0.0017 0.0127                         
Aepycerotini 0.0527 0.1143 0.2828                       
Alcelaphini 0.5293 0.5368 0.0124 0.0317                     
Bovini 0.3311 0.2571 0.1535 0.8857 0.5555                   
Tragelaphini 0.1685 0.2571 0.0727 0.3429 0.4127 0.8857                 
Kolpochoerus 0.0039 0.0200 0.2786 0.4606 0.0109 0.5697 0.1535               
Notochoerus 0.1731 0.2468 0.1274 0.7302 0.5476 0.5556 1.0000 0.5237             
Nyanzochoerus 0.2564 0.3290 0.1026 0.7302 0.4206 1.0000 0.7302 0.4351 1.0000           
Metridiochoerus 0.0381 0.0381 0.3677 0.4857 0.0635 0.3429 0.4857 0.9333 0.7302 0.5556         
Hippopotamidae 0.6429 0.7619 0.0485 0.1143 1.0000 0.6286 0.4571 0.0485 0.5714 0.5714 0.1143       
Parapapio 0.0011 0.0043 0.7546 0.0667 0.0043 0.1143 0.0667 0.2284 0.1775 0.1255 0.2571 0.0238     
Theropithecus 0.0003 0.0027 0.3823 0.0485 0.0031 0.0485 0.0162 0.0148 0.0186 0.0186 0.0727 0.0242 0.2284   
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Table A.8.  Ba/Ca, Sr/Ca, and Zn/Ca ratios for individual samples from the Hadar and 
Busidima Formations. 
 
Sample ID Location Strat. Unit Taxon δ13C 
(V-PDB) 
Ba/Ca Sr/Ca Zn/Ca 
MS-EN-06 Hadar Busidima Giraffa -10.8 0.0835 1.4994 0.1972 
MS-EN-07 Hadar Busidima Giraffa -10.0 0.0793 1.4330 0.5045 
MS-EN-10 Hadar Busidima Giraffa -12.0 0.0776 0.9057 0.7116 
MS-EN-02 Hadar Denen Dora - 2 Giraffa -11.4 0.1302 0.7456 0.6127 
MS-EN-05 Hadar Denen Dora - 2 Giraffa -11.5 0.1038 0.7766 0.4807 
MS-EN-08 Hadar Denen Dora - 2 Giraffa -12.7 0.1209 0.6152 0.7685 
KR-EN-94 Hadar Denen Dora - 2 Giraffa -9.6 0.2663 2.1283 0.5214 
MS-EN-36 Hadar Kada Hadar - 2 Giraffa -10.7 0.0914 0.9797 0.7158 
D-321 Dikika Sidi Hakoma Giraffidae -13.2 0.1715 1.2698 0.6997 
D-79 Dikika Sidi Hakoma Giraffidae -9.5 0.1020 0.9775 1.3838 
D-78 Dikika Sidi Hakoma Giraffidae -10.8 0.2847 1.7735 0.7500 
        
D-2 Dikika Sidi Hakoma Elephantidae -3.0 0.3476 1.4344 0.8819 
D-5 Dikika Sidi Hakoma Elephantidae -2.7 0.2960 1.3122 0.6658 
D-54 Dikika Sidi Hakoma Elephantidae -0.1 0.2226 1.4919 1.0596 
D-25 Dikika Upper Basal Elephantidae 0.1 0.2346 1.5748 0.9889 
D-29 Dikika Upper Basal Elephantidae 0.4 0.2765 1.4725 0.9456 
D-50 Dikika - Elephantidae - 0.1382 1.7395 1.0494 
        
EW-EN-02 Hadar Denen Dora - 2 Eurygnathohippus -1.4 0.1866 1.2626 0.3362 
EW-EN-13 Hadar Denen Dora - 2 Eurygnathohippus -0.8 0.3251 1.1610 0.3376 
EW-EN-18 Hadar Denen Dora - 2 Eurygnathohippus -1.8 0.2960 1.3535 0.3113 
MS-EN-11 Hadar Denen Dora - 2 Eurygnathohippus 0.5 0.1043 1.2261 0.3845 
JW-EN-151 Hadar Denen Dora - 2 Eurygnathohippus -1.6 0.2240 1.2693 0.3113 
EW-EN-12 Hadar Denen Dora - 2 Eurygnathohippus -1.5 0.3234 1.3527 0.5914 
EW-EN-04 Hadar Denen Dora - 2 Eurygnathohippus -0.9 0.5690 1.4880 0.5945 
EW-EN-01 Hadar Denen Dora - 2 Eurygnathohippus -1.6 0.2598 1.6164 0.5056 
        
D-272 Dikika Sidi Hakoma Aepycerotini -1.3 0.4217 1.1268 1.1998 
D-291 Dikika Sidi Hakoma Aepycerotini -2.2 0.1748 0.7569 1.3282 
D-355 Dikika Sidi Hakoma Aepycerotini -6.6 0.3824 1.3071 0.6491 
D-292 Dikika - Aepycerotini - 0.3638 1.1878 1.3507 
        
D-18 Dikika Sidi Hakoma Alcelaphini -3.4 0.1850 0.9303 0.7335 
D-36 Dikika Sidi Hakoma Alcelaphini -2.0 0.1759 1.0955 0.8608 
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D-55 Dikika Sidi Hakoma Alcelaphini 1.8 0.1692 1.0300 0.7806 
D-57 Dikika Sidi Hakoma Alcelaphini 1.2 0.3103 1.1605 0.7178 
D-20 Dikika Upper Basal Alcelaphini -3.9 0.2541 1.1574 0.7971 
        
D-276 Dikika Sidi Hakoma Bovini -2.9 0.2872 0.8640 0.7830 
D-303 Dikika Sidi Hakoma Bovini -4.1 0.2417 0.8539 0.8001 
D-353 Dikika Sidi Hakoma Bovini -5.4 0.4505 0.8612 0.9720 
D-59 Dikika Sidi Hakoma Bovini -5.4 0.2241 0.8089 0.9865 
        
D-357 Dikika Sidi Hakoma Tragelaphini -0.3 0.2921 0.9754 1.1713 
D-112 Dikika Sidi Hakoma Tragelaphini - 0.2541 1.6549 0.6342 
D-45 Dikika Upper Basal Tragelaphini -10.9 0.2268 1.0521 0.7120 
D-22-1 Dikika - Tragelaphini -3.8 4.6260 1.5030 1.0082 
        
JW-EN-175 Hadar Busidima Kolpochoerus 0.5 0.1814 1.9324 0.3127 
KR-EN-23 Hadar Busidima Kolpochoerus 0.6 0.1890 1.0496 0.7280 
EW-EN-46 Hadar Busidima Kolpochoerus -3.8 0.0985 1.8488 0.3252 
MS-EN-43 Hadar Denen Dora - 2 Kolpochoerus -9.5 0.1764 0.4618 0.4575 
KR-EN-25 Hadar Kada Hadar - 2 Kolpochoerus -2.9 0.2547 0.9956 0.5933 
EW-EN-37 Hadar Kada Hadar - 2 Kolpochoerus -2.4 0.0998 0.8013 0.3718 
JW-EN-160 Hadar Kada Hadar - 2 Kolpochoerus -4.8 2.1881 1.1219 0.9480 
JW-EN-170 Hadar Kada Hadar - 2 Kolpochoerus -1.4 20.2852 1.4078 0.5305 
        
EW-EN-27 Hadar Denen Dora - 2 Notochoerus -1.5 0.2043 1.0972 0.6461 
EW-EN-33 Hadar Denen Dora - 2 Notochoerus -2.5 0.1161 1.0006 0.5509 
EW-EN-39 Hadar Denen Dora - 2 Notochoerus -4.6 0.2039 0.8496 0.3445 
EW-EN-44 Hadar Denen Dora - 2 Notochoerus -1.8 0.0759 0.7275 0.5370 
D-10 Dikika Sidi Hakoma Notochoerus -0.8 0.1848 0.9630 1.2037 
D-11 Dikika Sidi Hakoma Notochoerus -3.5 0.2163 0.8771 1.3191 
D-12 Dikika Sidi Hakoma Notochoerus -0.9 0.1740 1.2064 0.7566 
D-14 Dikika Sidi Hakoma Notochoerus -1.2 0.2649 1.1887 0.6513 
        
D-256 Dikika Sidi Hakoma Nyanzochoerus -1.6 0.2553 1.5359 0.9482 
D-359 Dikika Sidi Hakoma Nyanzochoerus -5.5 0.3463 1.7008 1.2789 
D-259 Dikika Sidi Hakoma Nyanzochoerus -3.0 0.6316 1.8620 0.9439 
D-203 Dikika Sidi Hakoma Nyanzochoerus -4.7 0.3309 1.7732 0.7786 
D-205 Dikika - Nyanzochoerus -3.1 0.9044 2.9760 1.0681 
        
EW-EN-31 Hadar Busidima Metridiochoerus 1.8 0.2975 1.2543 0.9175 
KR-EN-33 Hadar Busidima Metridiochoerus 0.7 0.1412 1.3364 0.3352 
EW-EN-32 Hadar Busidima Metridiochoerus -2.6 0.1197 0.7932 0.6023 
JW-EN-157 Hadar Busidima Metridiochoerus -2.6 0.1121 1.3036 0.3822 
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D-31 Dikika Sidi Hakoma Hippopotamidae -10.3 0.2581 0.9273 1.0516 
D-6 Dikika Sidi Hakoma Hippopotamidae -5.2 0.2123 0.8611 1.0083 
D-7 Dikika Sidi Hakoma Hippopotamidae -0.8 0.1355 0.8208 1.2242 
        
KR-EN-88 Hadar Kada Hadar - 2 Parapapio -9.8 0.0819 0.6448 0.8191 
JW-EN-219 Hadar Kada Hadar - 2 Parapapio -9.9 0.7318 0.6537 1.3632 
JW-EN-220 Hadar Kada Hadar - 2 Parapapio -9.2 0.1698 0.8660 1.0646 
JW-EN-221 Hadar Kada Hadar - 2 Parapapio -8.9 0.1278 0.9000 1.6806 
KR-EN-101 Hadar Sidi Hakoma Parapapio -5.8 0.2046 0.9303 1.4882 
KR-EN-103 Hadar Sidi Hakoma Parapapio -6.2 0.4484 0.7846 0.8635 
        
JW-EN-212 Hadar Busidima Theropithecus -7.0 0.0821 0.9930 0.5725 
KR-EN-71 Hadar Busidima Theropithecus 0.1 0.2493 1.1093 2.2362 
KR-EN-72 Hadar Busidima Theropithecus -5.6 0.4311 0.9706 1.7683 
JW-EN-209 Hadar Busidima Theropithecus -0.3 0.1367 1.0753 1.2582 
JW-EN-216 Hadar Busidima Theropithecus -1.9 1.3240 1.1703 1.0875 
KR-EN-66 Hadar Denen Dora - 2 Theropithecus -4.6 0.2452 0.6480 2.2345 
KR-EN-80 Hadar Denen Dora - 2 Theropithecus -4.2 0.3336 0.8903 1.0556 
JW-EN-206 Hadar Sidi Hakoma Theropithecus -4.3 0.3759 0.6882 1.6210 
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Appendix 1 (Continued) 
 
 
 
Table A.9.  P-values obtained from a Mann-Whitney U-Test comparison of Ba/Ca ratios between taxa from the Hadar and Busidima 
Formations.  Values in bold are significant at the 95% confidence level. 
 
 Giraffidae Elepha
ntidae 
Eurygnat
hohippus 
Aepyc
erotini 
Alcela
phini 
Bovini Tragel
aphini 
Kolpoc
hoerus 
Notoc
hoerus 
Nyanzo
choerus 
Metridio
choerus 
Hippopot
amidae 
Parap
apio 
Theropi
thecus 
Giraffidae                             
Elephantidae 0.0103                           
Eurygnathohippus 0.0050 0.8518                         
Aepycerotini 0.0059 0.1714 0.3677                       
Alcelaphini 0.0380 0.5368 0.2222 0.1905                     
Bovini 0.0176 0.6095 0.9333 0.8857 0.2857                   
Tragelaphini 0.0604 1.0000 0.7758 0.4000 0.3929 1.0000                 
Kolpochoerus 0.3011 0.0649 0.0293 0.1143 0.5368 0.0381 0.0952               
Notochoerus 0.2060 0.0426 0.0499 0.0727 0.6216 0.0162 0.0485 0.5728             
Nyanzochoerus 0.0018 0.0823 0.0643 0.9048 0.0159 0.1905 0.0714 0.0043 0.0031           
Metridiochoerus 0.2799 0.2571 0.2141 0.0571 0.1905 0.2000 0.4000 1.0000 0.6828 0.0317         
Hippopotamidae 0.1703 0.2619 0.2788 0.2286 1.0000 0.2286 0.4000 0.3810 0.6303 0.0714 0.6286       
Parapapio 0.1493 0.5887 0.5728 0.6095 0.9307 0.3524 0.5476 0.6991 0.7546 0.1775 0.4762 0.9048     
Theropithecus 0.0203 0.5728 0.7209 0.6828 0.4351 0.9333 0.7758 0.1419 0.0830 0.3543 0.2141 0.3758 0.5728   
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Table A.10.  P-values obtained from a Mann-Whitney U-Test comparison of Sr/Ca ratios between taxa from the Hadar and Busidima 
Formations.  Values in bold are significant at the 95% confidence level. 
 
 Giraffidae Elepha
ntidae 
Eurygnat
hohippus 
Aepyc
erotini 
Alcela
phini 
Bovini Tragel
aphini 
Kolpoc
hoerus 
Notoc
hoerus 
Nyanzo
choerus 
Metridio
choerus 
Hippopot
amidae 
Parap
apio 
Theropit
hecus 
Giraffidae                             
Elephantidae 0.1215                           
Eurygnathohippus 0.3950 0.0813                         
Aepycerotini 0.9495 0.0095 0.0727                       
Alcelaphini 1.0000 0.0043 0.0016 0.5556                     
Bovini 0.2256 0.0095 0.0040 0.3429 0.0159                   
Tragelaphini 0.4894 0.6095 0.9333 0.6857 0.5556 0.0286                 
Kolpochoerus 0.7780 0.1812 0.3282 1.0000 0.9433 0.2141 0.8081               
Notochoerus 0.4920 0.0007 0.0006 0.4606 0.5237 0.1535 0.1535 0.4418             
Nyanzochoerus 0.0192 0.0303 0.0031 0.0159 0.0079 0.0159 0.0317 0.0653 0.0016           
Metridiochoerus 0.9495 0.0190 0.3677 0.4857 0.2857 0.3429 0.6857 1.0000 0.1535 0.0159         
Hippopotamidae 0.3681 0.0238 0.0121 0.4000 0.0357 0.8571 0.0571 0.2788 0.2788 0.0357 0.4000       
Parapapio 0.0782 0.0022 0.0007 0.1143 0.0087 1.0000 0.0095 0.0593 0.0593 1.0000 0.0667 0.7143     
Theropithecus 0.3950 0.0007 0.0003 0.1535 0.2844 0.2141 0.1535 0.2786 0.7209 0.0016 0.1091 0.3758 0.1079   
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Table A.11.  P-values obtained from a Mann-Whitney U-Test comparison of Zn/Ca ratios between taxa from the Hadar and Busidima 
Formations.  Values in bold are significant at the 95% confidence level. 
 
 Giraffidae Elepha
ntidae 
Eurygnat
hohippus 
Aepyc
erotini 
Alcela
phini 
Bovini Tragel
aphini 
Kolpoc
hoerus 
Notoc
hoerus 
Nyanzo
choerus 
Metridio
choerus 
Hippopot
amidae 
Parap
apio 
Theropi
thecus 
Giraffidae                             
Elephantidae 0.0273                           
Eurygnathohippus 0.0203 0.0007                         
Aepycerotini 0.1040 0.2571 0.0040                       
Alcelaphini 0.0380 0.0823 0.0016 0.2857                     
Bovini 0.0176 0.4762 0.0040 0.3429 0.1111                   
Tragelaphini 0.2256 0.9143 0.0040 0.2000 1.0000 1.0000                 
Kolpochoerus 0.2723 0.0080 0.3282 0.0162 0.0451 0.0162 0.0485               
Notochoerus 0.7780 0.1812 0.0104 0.1091 0.2844 0.2141 0.5697 0.1304             
Nyanzochoerus 0.0087 0.6623 0.0016 0.4127 0.0556 0.7302 0.5556 0.0062 0.1274           
Metridiochoerus 0.4894 0.0381 0.3677 0.0571 0.2857 0.1143 0.1143 0.8081 0.3677 0.0317         
Hippopotamidae 0.0385 0.1667 0.0121 0.6286 0.0357 0.0571 0.2286 0.0121 0.1939 0.5714 0.0571       
Parapapio 0.0019 0.2403 0.0007 0.6095 0.0087 0.1143 0.1714 0.0027 0.0200 0.4286 0.0381 0.7143     
Theropithecus 0.0036 0.0293 0.0006 0.5697 0.0295 0.0485 0.1091 0.0011 0.0207 0.1274 0.0162 0.1939 0.4136   
 
